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A s tu d y  o f  tlit' p o la r i / e d  e lec tron  b ea m  ; isym m etry  in se m i-e x c lu s iv e  ( r . r ' p )  re a c t io n s  on  
'H e an d  lJC’ over a large k in em atic  range h;is been  p erform ed. T h e  b e a m  a s y m m e tr y  .1) / 
is re lated  to  the  im ag in ary  part o f  th e  lon g itu d in a l-tran sverse  in terferen ce  an d  therefore  it 
vanishes in react ion s  p roceed in g  throu gh  a channel w ith  a s in g le  d o m in a n t  m ec h a n ism .  In 
qmisifrec n uc leon  k n ockou t,  the h e lie ity  a sy m m e tr y  provides an  u n a m b ig u o u s  s ig n a tu r e  for 
the  interference b e tw e en  direct knockout an d  rescatter ing  a m p li tu d e s .  T h e  d a ta  were taken  
in A p r il-M ay  11)99 u s in g  polarized  b ea m s o f  energies  b etw een  2.2 an d  1.1 G e V .  w ith  the 
C 'E B A F Large A c c e p ta n c e  S p e c tro m eter  ( ( ’LAS) d etec tor  loca ted  in Hall B at th e  Jefferson  
Laboratory. YA. T h e  me.-isured .asym m etries com p are  well w ith  the  th e o re t ic a l  p red ic tions .
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CHAPTER 1
I n t r o d u c t i o n
O ver the  last several d eca d es .  e lec tron  sc a tter in g  has proved to h e  a pow erful too l  for the  
s t u d y  o f  the  s tru ctu re  an d  d y n a m ic s  o f  a to m ic  nuclei.  T h is  is b e ca u se  th e  le p to n ic  part o f  
th e  in teraction ,  d escribed  by the  q u a n tu m  e lec trod yn am ics  (Q E D ) .  is well u n d e r s to o d  and  
th e  on ly  u n certa in ties  in m o d e l in g  th e  reaction  are restricted to  th e  nuclear part. i.e. to  the  
p h ysics  govern ing  the s tru c tu r e  and  th e  d y n a m ics  o f  the  nucleus.
E lec tron  sca tter in g  can  b e  used  to  in vest igate  a variety o f  nuclear and  nuch'onic pro|>- 
erties .  S ince  e lec trons  in teract  very weakly, their m ean  free p a th  w ith in  nuclear m a tter  
is large e n o u g h  to probe th e  en tire  nuclear volum e. Therefore, d e e p ly  b o u n d  nucleons  
can  b e  s tu d ie d .  T h is  is an im p o r ta n t  ad van tage  over stud ies  e m p lo y in g  h ad ron ic  probes,  
w h ich  have larger cro ss -sec t io n s  an d  therefore higher event rates, but w h o se  s e n s i t iv i ty  is 
restr ic ted  m ain ly  to the* nuclear surface. From a theoretica l p o in t  o f  v iew , th e  w eak char­
a cter  o f  the  e lec tr o m a g n e t ic  in terac tion  a llow s the  use o f  the  Born a p p r o x im a t io n ,  w hich  
gre a t ly  sim plif ies  the form o f  the  s c a t te r in g  cross-section.
In e lec tron  sca tter in g ,  th e  incident e lec tron  transfers en ergy  (a/) and  m o m e n t u m  (q)  
to  th e  target v ia  exch an ge  o f  a v ir tu a l p h o to n .  Here one finds th e  a d v a n ta g e  o f  e lec tron  
sc a tter in g  over real p h o to n  e x p e r im e n ts  in that on e  can  vary th e  transferred  m o m e n tu m  q  
a n d  en ergy  jj o f  the  v ir tual p h o to n  in d e p e n d en t ly  from each other ,  a l lo w in g  a w id er  range
1
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o f  f lexibil ity  in the  ch o ice  o f  k in em a tic s .
At m o m e n tu m  transfers \q\ a b o v e  several hundreds o f  M e V /c .  th e  v irtual p h o to n 's  
w avelen gth  is o f  the  order o f  1 0 ' l> m  so that it can reso lve  o b je c ts  o f  the  s i / e  o f  the  
nucleon . At th is  scale, th e  n u c leu s  b eh a v es  os a co llec tion  o f  s tron g ly  in terac tin g  in d iv id u a l  
nucleons,  w ith  the effects  o f  n u c leon  s tru ctu re  ' led by e lec tr o m a g n et ic  form -factors  
th a t  d esc r ib e  th e  charge an d  m a g n e t iz a t io n  d is tr ib u t ion s  o f  th e  nucleons. T h e  m o d e lin g  o f  
a typica l m a n y -b o d y  n uc leu s  (.4 >  .'}) at th is  sca le  is based on th e  in d epend en t  s in g le -p art ic le  
(s .p .)  m o d e l ,  where n u c leon s  m ove  in d e p e n d en t ly  w ith in  a m ean-fiold  p o ten t ia l .  T h e  singltv- 
p artic le  p o te n t ia l  can  be o b ta in e d  u s in g  a Hartree-Fock technique, w ith  th r ee -b o d y  forces  
a n d  d en s ity  d ep en d e n c ie s  a d d e d  later.
S ince  th e  e lec tron  sc a tte r in g  can  transfer a rather low energy com b in ed  w ith  a large 
m o m e n tu m , it favors th e  d irect  in terac t ion  w ith  a single nucleon . A m o n g  th o se  k in em atic s ,  
th e  q u a s ie la s t ic  regim e is th e  m ost  su ita b le  for the  s tu d y  o f  th e  single part ic le  s tru c tu r e  o f  
th e  nucleus.  T h e  q u a s ie la s t ic  reg im e is centered  around an energy transfer u; =  Q~/'2. \I  
{ s n  =  1). w here  M is the  m ass  o f  th e  nucleon  and Q  is th e  fou r -m o m e n tu m  transfer. T h is  
is the  sa m e  re lation  as  for the  free e lec tron -n u c leou  sc a tter in g  process. In a qm isiehtstie  
(c .c ' .V )  react ion , all th e  en er g y  a n d  m o m e n tu m  o f  the v ir tu a l p h oton  can  be transferred  
to  the  o u tg o in g  nucleon , so  th a t  en er g y  and m o m e n tu m  con servation  a l lo w s  the  in it ia l nu­
cleon 's  en ergy  an d  m o m e n t u m  to  b e  specified . C oin cid en t  (c .c ' / i )  m ea su re m e n ts  can  be  
in terpreted  a p p r o x im a te ly  by th e  p la n e  wave im pu lse  ap p ro x im a tio n  (PW ’I A ) 1 to d e te r ­
m in e  the  co m b in e d  n u e leon -h o le  en er g y  an d  m o m e n tu m  d is tr ib u t ion ,  th e  so-ca lled  sp ec tra l  
fu n ct ion  o f  tlit* target nucleus.
D u r in g  tin* bust forty years,  co in c id e n t  (c .r 'p )  sca tter in g  h;ts been  e x te n s iv e ly  u sed  to  
p rob e th e  s in g le  part ic le  p rop ert ie s  o f  nuclei, s tar t in g  w ith  th e  p ioneering  ex p e r im e n ts  o f
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A m ald i r t  al .  in 1964 [I] an d  C a m p o s  Venuti r t  a t .  in 197.4 [2j. w h ich  d em on stra ted  the  
ex is ten ce  o f  sh e l l -m o d e l  orb ita ls .  E xp er im en ta l  work in th is  h e ld  w as later pursued in 
Tokyo (N ak am ura  r t  a l .  1976 [4]) and  Sarlay (M o u g e y  r t  ul .  1976 [4j. Frullani and M ougey  
1984 [ol). w here t h e  p ro p er t ie s  o f  th e  b ou n d  an d  o u tg o in g  n u c leon  wave functions were  
invest igated  in d eta i l .  M ore n v e n t  m easu rem en ts  were p erfo r m e d  at  N IK H E F  (de W itt  
H uberts  1990 [6], L eu sch n er  r t  al .  1994 [7]). M I T - B a t e s  (L o u r ie  r t  al .  1986 |8]. l l m e r  
r t  al .  1987 [9l. W ein s te in  r t  al .  1990 ! It)]. Holtrop r t  al .  1998 [11] . Dolt in i r t  al.  1999 [12]). 
M ainz (B lo m q v is t  r t  al .  1994 [14]) and  in the last several years at T .J N A F  (G ao r t  al.  2000  
[14]. I 'lmer r t  al .  2001 [15]).
W hile  ( r . r ' p )  ca n  c o n c lu s iv e ly  e s tab lish  s ingle  p a rt ic le  k nockou t  ;is t in 1 d om inant  reac­
tion channel,  th is  re a c t io n  has sufficient s e n s i t iv i ty  and  se le c t iv i ty  to  identify  and ch aracter­
ize secondary  p rocesses .  T h er e  is e v id e n c e  to su ggest  that  o th e r  re a c t io n  channels  con tr ib ute  
to  the  s tren gth  in t h is  region , like m eson  ex c h a n g e  c u r r e n t s 1 ( M F C ) .  A - i s o h a r 1 configura­
tions. m u lt i-nu cleon  k nockou t or f ina l-sta te  rescatter ing . G a in in g  an u n d erstan d in g  o f  these  
secondary  processes  has b eco m e  the  subject  o f  in te n se  e x p e r im e n ta l  an d  theoretical inves­
t igations.
Tht‘ first f ind ings c a m e  from m easu rem en ts  in vo lv in g  th e  R o se n b lu th  separation  o f  the
lon g itud ina l an d  tra n sv er se  c o m p o n e n ts  o f  the  cr o ss -sec t io n .  If th e  process  taking p lace
at q uasie last ic  k in e m a t ic s  w ou ld  b e  tru ly  quasifree. th en  th e  lo n g itu d in a l  and transverse
co m p o n e n ts  o f  th e  s p e c tr a l  fun ction . S /. and .S’/ , sh o u ld  b e  eq u al.  T h is  is b ecau se  5/.
and .S’/ corresp ond  to  th e  p rob ab il i ty  o f  finding a n u c leon  by c o u p l in g  to  its charge or by
cou p lin g  to its  m a g n e t i s m ,  respective ly .  Indeed, in m e a su r e m e n ts  o f  th e  co inc idence  ( r . r ' p )
reaction  in q u a s ie la s t ic  k in e m a t ic s  on 'He. the lo n g itu d in a l  an d  tran sverse  co m p o n e n ts  o f  
‘exp la in ed  m c h a p t e r  2
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Ithe spectra l  fu n ct ion  5 / .  an d  5 /  were found  equal. ;is e x p e c te d  16. L7j. HowevtT. for 
heavier nuclei like l He or l*’C  th e  p icture ge'ts rnon' co m p lic a te d .  D ucret  i t al .  foun d  out  
that th e  lon g itu d in a l  s t r e n g th  in l He is su p p ressed  w ith  respect to th e  transverse* o n e  by 
20-10% [18]. For l*C at q u as ie la s t ic  k in em atic s .  U lm er r t  al .  (1987) found  5 /  and  S/- to  b e  
equal for tw o -b o d y  b rea k u p  but ob served  an  en h a n cem en t  o f  S /  over 5 /  at h igher m iss in g  
energies. It was s p e c u la te d  that  the  en h a n c em en t  may c o m e  from so m e  new  tran sverse  
process in volv ing  two or m ore nucleons.
O n e o f  the m ain  req u irem en ts  toward a q u a n tita t iv e  in terp re ta t ion  o f  the  d a ta  is a b e t ­
ter u n d erstan d in g  o f  th e  f in a l-sta te  in teraction  (FSI)  su p p o rted  by a re la t iv is t ic  theory  that  
includes single-nucl<*on. m u lt i-n u c leon  and  n o n -n u d e o n ic  degrees  o f  freedom  [19]. O ur th e ­
oretical co l leagu es  can  p ro v id e  us now w ith  advanced  m o d e ls  that inc lu d e  these  ingredients .  
To gain  a clear u n d e r s ta n d in g  o f  FSI effects,  these  m odels  need  to be te s ted  on ex p e r im e n ta l  
observables  that  are e s p e c ia l ly  sen s i t ive  to final s ta te  in teractions.
T h e  effects o f  FSI c a n  not be sep ara ted  d irect ly  in a cross-sec t ion  m easu rem ent.  T h e y  
can be identified, however, th rough  their in terference w ith  th e  d o m in a n t  process. T h u s  tin* 
ideal ob servab le  is th e  b e a m  helie ity  ;isymme*try. .1  ^ r■. b eca u se  it arises  from the interference  
b etw een  the  am plitude's  corresp on d in g  to d irect knockout and  to rescatter ing  th rou gh  FSI  
[20. 21].
In general.  A \ j  c o r re sp o n d s  to the  lon g itu d in a l-tran sverse  interference* compone*nt o f  
the hadron tensor. It vanisht*s whe*ne*ve*r tin* redaction p rocevds  th rou gh  a channe'l w i th  a 
single* d o m in a n t  p h a se  be*eause* in this c.use* the* hadron tensor is re*al. The*re*fore*. at le*;ist twe> 
interfering cetmplex re*action am plitude's w ith  different phase's are* ne*e*e*ssary te> pmditce* a 
non-zero A'j j ■ A'r r  is expe*cte*d to  be* h igh ly  sensitive* to FSI an d  m uch  le*ss to o th er  e'ffects 
like, for example*. M E C . A'/ r  provider the* be*st observable  for m o n ito r in g  rescatter ing  e*ffe*cts
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in knockout reactions [22]. T h is  ob servab le  lets us test our m o d e ls  in th e  in term ed ia te  
Q 2 region w hich  is not yet well u n d er s to o d .  T h e  d is torted  wave im p u lse  a p p r o x im a t io n  
( D W I A )  is th e  usual ap proach  at low fou r -m om en tu m  transfer { Q 2 <  1 C leV */c").  At 
h igh  Q 2. w here  the  scatter in g  b e c o m e s  h ighly  diffractive, the  p o te n t ia l  d esc r ip t io n  b eco m e s  
im p ract ica l  an d  G lauber m u lt ip le - sc a tte r in g  theory  b ecom es  the  natu ra l fram ew ork for tin* 
q u a li ta t iv e  d escrip tion  o f  FSI. For th e  in term ed iate  region we have th e  o p t ic a l  m od e l in 
eikonal ap p rox im ation  ( O M E A ) 1 d ev e lo p e d  by tin* Gent group [2.'Jj w ith  th e  p u rp ose  o f  
brid g in g  the  two regimes.
M easu rem en ts  o f  .1  ^ r  require p o lar ized  e lec tron  beam s. In th is  c.use the  d ifferential  
cross-sec t ion  conta ins two terms: a h e l ic ity - in d ep en d en t  term  H an d  a h e l ie ity -d ep en d e n t  
term  / iA .  w ith  h s tand in g  for th e  e lec tron  helieity h — ± 1 .  T h e y  can  b e  se p ara ted  in the  
helie ity  .asymm etry A\  r  defined  ; is l
,, dn  * - d n  A
A "  ”  d a ' + d a -  = v  (11)
an d  m easured  by s im ply  f lipping  th e  b eam  helieity. In this  formula, th e  d n  * and  dn  
d e n o te  differential cross-sections co r re sp o n d in g  to  th e  “-*-1" and " 1" h e lie it ies .  respectively .  
U n cer ta in t ies  induced by a c c e p ta n c e  art* in this case  e l im in a ted  and m icroscop ic  factors are  
not required for com parison  w ith  th e  theory.
In the  past ,  sp in  degrees o f  freed om  were s e 1 1 considered , m a in ly  d u e  to  the  techn ica l  
diff icult ies  raised by the task o f  p rep ar in g  polarized  b eam s and targets .  S in c e  reliable high- 
current polar ized  electron sou rces  are available, at M ainz. M I T -B a te s  an d  NTKH EF. for 
intermediat(*-energy physics, an d  at T .JN A F  for h igher energies, m e a su r e m e n ts  o f  A \  r  have  
b eca m e poss ib le .  T w o previous m ea su re m e n ts  o f  .1  ^ r  wert* carried out at M I T -B a te s  by
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
25
6M an d evil le  r t a l . .  1994 [24] an d  J ia n g  r t a l . .  1998 [25]'. Thi' m ea su re m e n ts  o f  M and ev il le  
r t  a l .  revealed that th e  A \  r  sh o w s  a  "m at s e n s i t iv i ty  to  the  choice o f  the  o p t ic a l  m o d e l  and  
th a t  at m ost sm a ll  correct ion s  are necessary  to  c o m p e n s a te  for the  effects  d u e  to  A -isohar  
configurations.  J ia n g  r t  al .  fou n d  reason ab le  agreem en t  between  th e  m e a s u r e m e n ts  o f  A'u - 
an d  D W IA  p red ic tions .  O n e  issue  that b o th  M a n d ev il le  r t  al .  and J ia n g  r t  a l .  agreed  upon  
is th a t  more d a ta ,  w ith  h igher s ta t i s t ic a l  accuracy, w ould  be n ecessary  in ord er  to  further  
test  the  ex is t in g  m odels .
To date ,  no m ea su re m e n ts  o f  A'[ r  in 'H e were done. But 'H e is in te r e s t in g  in that  
that  it is a s im p le  e n o u g h  n uc leu s  to be m od e led  theoretica lly  and. d e s p i t e  b e in g  a four- 
b o d y  system . 'H e is a h igh  d e n s ity  nucleus. T h e  la tter  is a good  reason to  b e l ie v e  that an  
ex h a u s t iv e  an a lys is  o f  FSI effects  in 'H e  w ould  g ive  a good insight to  th e  s ign if ican ce  o f  
th e se  effects in heavier nuclei.
T h e  object  o f  th is  th es is  is a survey  or .4 a sy m m e tr ie s  in (r . r ' p ) re a c t io n s  on and  
'H e in the q u asie la st ic  regim e, ex p lo r in g  k in e m a tic s  not previously a cc ess ib le .  T h e  focus is 
on  th e  following issues:
1. How m uch o f  th e  s t r e n g th  in the  q u as ie la s t ic  peak  is due to  s o m e t h in g  o th er  than  
direct knockout 7
2. C an a low lu m inosity ,  large a cc e p ta n c e  d ev ic e  achieve sufficient s t a t i s t i c s  on these  
asy m m e tr ie s  in fine en o u g h  k in e m a t ic  b ins to  m ak e  relevant c o m p a r iso n s  7
.1. W hat is the  n a tu re  o f  th e  n on -q u as ie la s t ie  s tr e n g th  in tlit* q u a s ie la s t ic  p eak  and  can  
present m o d e ls  account for it 7
4. We have m od e ls  w hich  su ccess fu l ly  reproduce the L. T  and  L T  c o m p o n e n t s  o f  the
•’se t ' f o o tn o te  for  Jiatif; r t  n l  in C h a p t e r  2
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cross-sec t ion .  Arc th ey  com p arab ly  acc u r a te  in d e sc r ib in g  th e  L T '  term
T h e  o u t l in e  o f  th is  th e s is  is as  follows. In C h a p te r  2 th e  fo rm a lism  for th e  relevant A (c .  v'p)  
ob servab les  an d  k in e m a t ic s  is reviewed a n d  a  brief d e s c r ip t io n  o f  th e  theoretica l  m od e ls  
is g iven . A b r ie f  d isc u ss io n  o f  the  p rev ious  m e a su r e m e n ts  o f  .4'r /  is a lso  included . T h e  
e x p e r im e n ta l  s e t u p  at T.J.N’A F  (.JLab). w h ere  the  m e a su r e m e n ts  were taken, is p resented  in 
C h iip ter  -i. T h e  a n a ly s is  techn iques ,  in c lu d in g  d e te c to r  c a l ib r a t io n s ,  d a ta  correct ions  and  
cu ts ,  are d isc u sse d  in C h a p te r  4. T h e  p h y s ic s  e x tr a c t io n  an d  th e  co m p a riso n  w ith  theory  
are d o n e  in C h a p te r  j .  w hich  ends w ith  a s u m m a r y  a n d  a n  o u tlo o k .
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CHAPTER 2 
T h e  {e.e'p)  R e a c t i o n
T h e  ex tr a c t io n  o f  physical in form ation  from m ea su re d  A(r. t 'p) a sy m m e tr ie s  involves so m e  
th eore t ica l  m od e lin g  o f  which the m ajor  in g red ien ts  are: (1) the initial h o u n d  s ta te .  (2) tin' 
final sc a tter in g  proton w ave-funrtions an d  (4) e lec tr o m a g n et ic  e lee tron -n u e leu s  cou p lin g .
At lower values o f  Q 2 ( Q 2 <  1 G e Y  ). th e  u sual approach is the use o f  DW'IA (d is ­
torted  wave im pu lse  ap p rox im at ion ) ,  well t e s ted  by more than two d eca d es  ot h igh -q u a lity  
e lec tron  sc a tter in g  data. DW’IA is b ased  on  th e  ; issu m p tion  that the in it ia l  (h o u n d )  and  
final ( sca t ter in g )  s ta te s  o f  the struck nuc leon  ca n  bo com p u ted  in a p o te n t ia l  m od e l w hile  
th e  off-shell e leetron-nuelous cou p lin g  can  he put in a corrected e lec tr o n -p r o to n  form. At 
h igh  m o m e n tu m -en er g y  transfer i Q 2 >  I G e V ' / V ' ) .  most theoretical work is based  on a 
G la u b e r  m o d e l  [40]. T h e G lauber theory  is very su ccess fu l  in describ ing  sm a l l -a n g le  proton-  
nuch'us s c a tter in g  at higher energies [-11] an d  is con s id ered  ;is a baseline tor ca lcu la t in g  the  
effect o f  final s ta te  in teractions in h igh -en ergy  ( e .r 'p )  reactions. T h e  G la u b e r  theory  is a 
m u lt ip le - sc a tter in g  extension  o f  the  s ta n d a r d  e ik on a l  ap p rox im ation  that re la tes  the  ejec ted  
p artic le 's  d is to rted  wave function  to th e  e la s t ic  p ro to n  scatter ing  a m p li tu d e  by m ean s o f  a 
profile fu n ct ion  [42].
A fully  re lat iv ist ic  m odel for the  d esc r ip t io n  o f  A ( i . c 'p )  reactions that  brid ges  the  gap  
b e tw e e n  th e  low and in term ediate  en erg y  reg im es,  described  in [24. 44]. w as  u sed  tor th e
S
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
!)
ca lcu la t io n s  that  accom p an y  o u r  d ata .  S tr u c tu re  functions  and p o lar iza t ion  ob servab les  ca l­
cu la ted  w ith  th e se  m odels  were p rev iou s ly  su ccess fu l ly  tested  aga in st  'He. '-’C  a n d  u,0  d a ta  
[44]. T h e  lon g itu d in a l-tran sverse  resp on se  fu n ct io n  was found to  b e  sensitive* to  re la t iv ist ie  
effects.
In the  first sect ion s  o f  th is  chapter  w e w ill  define' the1 k in e m a t ic  variable's a n d  re*view 
senne' e reiss-se'e t ion  basics. Them a brie'f aevou n t  o f  the  in g m l ie n t s  eef the  thre-e* the>e>retieal 
metelels me'ntione'el above will be- g iven. T h e  ch ap ter  will close* w ith  a detaile'd disemssion o f  
the- previenis me'asure'inents e>f .4) r .
2 . 1  K i n e m a t i c s
In on e-p ro ton  knoekout t'xpe'riinents. an  e*le*ctron and a proton are eh'te-e-te'd in coincidem ee  
an d  the're'fore1 the*ir emergy and  m om e'ntum  are mesisureel. If o n ly  one* reliction ehanne-l is 
eipe'ii. i.e*. if the* state' o f  the re'sidual nuelems is fixe-el through the1 kiuemiatics. tin'll we* have* 
an e'xclusive* re'action. O n the' othe*r hanel. if  the* re'sidual nuelems is le*ft in a cem tinuum  
state- and  can fragme-nt. one is d ea l in g  w ith  an inclusive' re-action whe*re* more* complicate-el 
proce-sse's take* place*.
The* one'-phote)n-e'xchange' a p p r o x im a t io n  ( O P E A )  will be- used Imre*. T h is  a p p r o x im a t io n  
a ssu m e s  that the* incom ing ele'ctron and  the* nuelems (nudexui) inte*rae*t through  the* e-xchange* 
o f  one* single* v ir tu a l photon. The* O P E A  a p p r o x im a t io n  is exisilv justifie'el in Q E D  by the* 
fact that  the  p robabil ity  fetr <*ae-h a d d it io n a l  photem exchange* is eliminishe-d by a fae-tor o f  
Z o  =  Z / Y M  <  I.
Ele-ctron semttering in the- one'-photon-exehange- a p p rox im at ion  is se-hematie-allv show n  
in figure* 2-1. The* targe*t n ucleus  has A  nuede*ons. Except for e/. w h ere  we* use the  convemtion  
Q -  =  -'It-if >  d. we* di'note* the* four-ve*e*tors by cap ita l  le*tte*rs K .  P.  P '  etc .  and  the* thre*e*-
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Figure 2-1: Lowest order graph for tin' exclusive ( f .e ' / j )  e lectron  scatter ing  process.
vectors by b old  lower ctise le tters  q . k . p . p '  etc.
T h e  m iss in g  en er g y  E m a n d  m o m e n tu m  />,„ can  be recon stru cted  ;is:
E m = -c -  7,, -  Tr p m = q -  p  (- -1)
w here  q =  k - k '  a n d . a.1 =  E,  -  E[ arc  the  m o m e n tu m  an d  en er g y  transferred by th e  e lectron ,  
resp ective ly .  Tf) is the  o u tg o in g  p roton's  kinetic en ergy  an d  T r is tin* k inetic  en ergy  o f  the  
recoi ling  sy s tem .
If f in a l-s ta te  in te ra c t io n s  (KSI) can  be neglected , then  p m w ould  b e  equal and o p p o s i t e  
to  the  in it ia l  m o m e n tu m  p o f  th e  e m it te d  proton, thus g iv in g  in form ation  ab o u t  th e  en ergy  
a n d  m om en t  tun d is tr ib u t io n  o f  th e  protons in th e  nucleus.
R eferring to th e  th r esh o ld  sep ara tion  energy o f  the  p roton .
A E  =  irip -t- A / i -  i -  M  i
o n e  o b ta in s  from (2.1)
E m = ± E  +  E '  (2.2)
w here  f ” is the e x c i t a t io n  en er g y  o f  the residual n ucleus A - l .





Figure 2-2: Kinematics for the semi-exclusive ( r . r ' p j  process, (figure from [12jl.
2 . 2  T h e  ( e . c ' p )  D i f f e r e n t i a l  C r o s s - S e c t i o n
E lec tron  sc a tter in g  in tin* o n e -p h o to n -e x c h a n g e  ap p rox im ation  (O P E A )  d e sc r ib e d  by the  
d iagram  in Fig. 2-1 is schem atica l ly  i l lu s tra te d  in figure 2-2. An elec tron  o f  in it ia l energy  
E,  s c a tter s  through  an angle  0, to a final e n e r g y  E't . T h e  scatter in g  and re a c t io n  plant's are  
e x p l ic i t ly  sh ow n . T h e  target nucleus is d e n o te d  A and the recoiling s y s t e m  is d en o te d  B. 
T h e  e je c ted  proton  is d e tec te d  in c o in c id e n c e  w ith  th e  scattered  electron  <•'. T h e  co o r d in a te  
s y s t e m  is chosen  so that  the ; -a x is  lies a lo n g  th e  m om en tu m  transfer q  a n d  th e  //-axis is 
p erp en d icu la r  to  the sca tter in g  plane, p ara lle l  to  k  x k' .  In the  u ltra -re la t iv is t ic  lim it the  
e lec tron  helic itv  s ta te s  h =  +1 and  h =  — 1 corresp on d  to sp in  parallel a n d  antiparalle l  
to  k .  respective ly .  In d iagram  (2-1) t h e  v ir tu a l  p h o to n  is represented by th e  propagator  
D h - ( Q ) tl„ =  *’■
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T h e  d ifferentia l sc a tter in g  cross-sec t ion  in the  la b o ra to ry  fram e can b e  w r it ten  as [391:
1 m'- rf‘fc/ -l/r fi*Pr mp d'p' , ,|, r)/ n i
* ‘  i S F  & i S F 5 i S P u ' ’ * , ,  +  r - p - r ' ’
w h e r e  d =  jfc|/£7,. =  [tt, | 1 and  the  s u m  co r re sp o n d s  to th e  ap p ropr ia te  average over the
in it ia l  s ta te s  a n d  su m  over t h e  final s ta te s .  T h e  invariant m atr ix  e lem en t ,Vfy, corresp on d in g  
to  th e  g iven  p rocess  d e p e n d s  on th e  e le c tr o m a g n e t ic  e lec tron  current j t l ( K ' . S ' :  K . S )  and  
nuclear  e lec tr o m a g n et ic  tran s it ion  current J*l ( P r . P 1: P ) f ,  as
w h e re  ( - r )  is the  e lec tron  charge.
In ( r . r ' p )  m easu rem en ts ,  th e  m o m e n tu m  o f  the  u n d etec te d  residual nuc leu s  is not d e ­
te r m in e d  and  then  o n e  can  in tegrate  (2.3) over p r  to  ob ta in
d ' n  m ; n i p M r  kJ , ,j
-/
<//•;;d i i d u , ,  citty' a / t k
w liere  A/r is th e  m ass o f  th e  recoiling .4 -  1 s y s te m  a n d  / r,, is th e  hadronie  recoil factor
/ r „  =
^  a.71' ~  ' /£ ’;> ('°-s Mp</ | , G)
p ' U a I
a n d  Opq is th e  an g le  b etw een  q  and  p p (see Fig. 2-2).  It is c u s to m a r y  to w rite
=  ( t J ? )  h u A K ' . S ' : K . S ) \ V > “' ( Q ) It (2.7)
i f  V V' /
when* o  =  c 1 / \ ~  ~  1 /1 3 7  is flit' fine s tru ctu re  co n s ta n t  an d  /,,„( A''. S': K .  S )  an d  IT'“'((^) f t
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arc the leptonie and  the nuclear tensors, respectively, defined as




T h e  ten so r  in corp ora tes  a ll the  s tru ctu re  a n d  d y n a m ic s  in form ation  a b o u t  th e
nucleus,  b u t  <ls w e said , the  le p to n ic  tensor lfll. c o n ta in s  n o  secrets .
In gen era l,  th e  cross se c t io n  (2 .5)  for the s c a t te r in g  o f  arb itrar ily  p o lar ized  e lec tr o n s  
from nuclei c o n ta in s  up to four ty p e s  o f  terms, d e p e n d in g  on  w h eth er  th e  inc id en t  a n d /o r  
sc a tter ed  e lec tr o n s  are po lar ized  |58j. In our e x p e r im e n t ,  a lo n g itu d in a l ly  p o lar ized  b eam  
is e m p lo y e d  but th e  sp in  o f  th e  sc a tter ed  e lec tron s  is not me;isured. In these  c o n d it io n s .  
lfa, ( K ’. S':  A’. .S’) =  K ' : K .  S )  a n d  we retain tw o ter m s o n ly
where f i  refers to  the tra n s it io n  from an in itial s t a t e  lab e led  i to  a final h ad ron ie  s ta te  
lab eled  /  w hich  involves the final nuclear s ta te  E r a c c o m p a n ie d  by the e m iss io n  o f  a  proton  
p'.  an d  /( is th e  he lie ity  s ta te .  T h e  term  Y. j t is in d e p e n d e n t  o f  tlit* e lec tron  p o lar iza t ion .
If on e  d o e s  th e  algebra, o n e  f inds ou t  that th e  c o n tr a c t io n  o f  the  e lec tron  an d  nuclear  
tensors  from  (2 .8 .2 .9) can b e  put  in th e  form [.Tli]:
th e  lo n g itu d in a l  a n d  transverse  c o m p o n e n ts  o f  th e  v ir tu a l  p h o to n  p o lar iza t ion  a n d  therefore.
h
( 2 . 1 0 )
( 2 . 11 )
w h ere  th e  lab el i takes the values L.  T.  LT.  T T .  T ' . L T ' . T T . L T . L T ' . T h e s e  la b e ls  refer to
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th e y  corresp on d  to  the  e lec tr o m a g n e t ic  current c o m p o n e n ts  w ith  respect to  th e  d irect ion  
o f  q  =  k  -  k ' . D oub le  su b scr ip ts  in d ic a te  interference term s. For lo n g itu d in a l ly  polarized  
b e a m s ,  th e  underlined  factors are su p p re ssed  by a factor o f  in, . /  E,-. In th e  en ergy  range  
in w h ich  our exp er im en t was d o n e ,  m , / E r I an d  we neglect  th ese  term s. More, if  the  
target  is u np olarized , the  T'  term  v a n ish e s  as  well. N ow  th e  nuclear s tru c tu r e  and  d y n a m ics  
in fo r m a t io n  is conta ined  in th e  re sp o n se  fun ction s  R,  a n d  the  e lec tron  k in em atic s  in the  
f a c t o r s 1 c,:
, Q  
-  ' i i P




Q 2 (  Q 2
''IT =
v - I q l 2i q i - C 2
f Q 2 0 ,
>'U =
! g ! - V 2
tan  — ■)




a n d  r„ is defined  ;is r„ =  (E,  — E'r )~ -  \q\~- If we want th e  az im u th a l  d e p e n d e n c e  on o p<l to 
b e sh o w n  exp lic it ly ,  the  d ifferential cross  se c t io n  in the  lab ora tory  frame ( 2 . KM looks like
/  ( I  o
= K n } J ( r r f i  + r i  f  i + C/7  / / 7  cos-2vV/ + / ' / / - 1 ’ <)S
\ d E ' , . d U r tHlp )  fi
+  h r / r f ' [ r s i n o M ) =  (2 .1(1)
<7\[ is th e  M ott  cross sect ion , co r re sp o n d in g  to  e la s t ic  C o u lo m b  sc a tter in g  from an infinitely
‘ in o u r  n o t a t i o n ,  t h e  p r i m e  f ro m  t h e  l a h e l  is m o v e d  to  t h e  f u n c t i o n  n a m e .  e.g. 1 7 . —► 1 7  p
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m assive  point target, a n d  K  includes  the  p h ase -sp are  and recoil factors:
a-’ cos-’(0 e / 2 ) r. n i p Mr , .
= • I ,n  /.-n K  =  T T T y T p  ^ rr (2 U )\ E -  s in  (fcv/2) b tt ' .v /t
T h e  response fu n c t io n s  w hich  m ake up the  cross  section (2 .13)  p rovide in d ep en d en t  
observables  w hich  are s e n s i t iv e  se lec t ive ly  to various asp ec ts  o f  th e  nuc lear  current. H ence,  
in ad d it ion  to m easu r in g  cross  sec t ion s ,  the ex tr a c t io n  o f  these a d d it io n a l  observab les  can  
considerably  help us a ch ie v e  a r< , 1 te  p icture o f  th e  structure and  d y n a m ic s  o f  the  nucleus.
2 . 3  B e a m  H e l i c t t y  A s y m m e t r y
T h e  contribution  o f  th e  L T '  term  from (2.10) to  th e  total cross-sec t ion  (2 .13) can  b e  e x ­
p erim entally  m easu red  w ith  m in im al sy s tem a t ic  errors in the form o f  th e  b eam  helie ity  
asym m etry:
.i <l 'n~ -  t l ' n ~  » . _.
•■*/./ =  .  — r, 7  (2 . I.j)d a  i l ' rr
w here a ~  ;md a  an* th e  cross  se c t io n s  corres; ’ing to p o s it iv e  and  n egative  incident  
elec tron  helieity. re sp ective ly .  D u e  to  its com p lex  d ep en d e n c e  on  o p,r  the  .1/ ; a sy m m e tr y  
g ives  a precise account  o f  th e  relative s tren gth s  o f  th e  relevant a m p li tu d e s:
. _  _____________________ ' ’/■/ / / . /  S111^p y_____________________ ( 2 . 1 0 )
11 I'l.fl. + I’r f r  + ''l.lfl.l cos 0pi) 4- C/7 7 / 7 c o s 2 o pv
In what follows wo will in v es t ig a te  w h at  type o f  th eoretica l  1 ds co u ld  be used to predict  
th e  behavior o f  .4'r /  from  (2 .16).





2 . 4  In i t i a l  B o u n d  S t a t e
T h e  trad itiona l approach  to  the  s t u d y  o f  nuclear s tru cture  and  the  n u d e o n - n u d e o n  in­
teract ion  used to h e  a n o n -r e la t iv is t ie  Seriklinger framework, w here nuclei are regarded as 
h o u n d  s ta te s  o f  nucleons in te ra c t in g  v ia  two- an d  th r ee -h o d y  p o ten t ia ls .  M ore  so p h is t ic a ted  
n u cleon -n uc leon  p o te n t ia ls  a c c o m m o d a te  m eson  ex c h a n g e  currents  as  well a s  re la t iv is t ic  ef­
fects (section  2 .7.2).
Following the  d iscu ss ion  from [23j. re la t iv ist ic  m od e ls  have several a d v a n ta g e s  com p ared  
to th e  n on-re la tiv ist ie  ones:  in a f ie ld -th eoret ic  approach  the  m eson ic  d e g r e e s  o f  fr ivd om  
can  h e  im p lem en ted  right from th e  start  and the  re lativ ist ic  k in e m a t ic s  an d  sp in-orhit  
in teraction  (which  is in serted  hy hand  in n on-re la tiv is t ie  approaches)  e m e r g e  naturally .
T h e  m odern  approach  is h ased  on a re la t iv is t ic  q u an tu m  field tlm orv w here  nucleons  
interact w ith  each o ther  hy e x c h a n g in g  m esons,  as or ig inally  in trodu ced  hy W alecka in [-19!. 
In th e  "a - u m odel,  w hich  is an ex te n s io n  o f  the  Walecka approach , n u c leo n s  ((.') interact  
w ith  scalar m eson s ( 0 ) th r o u g h  a  Yukawa cou p lin g  (t. ' tyo) and  w ith  n eu tr a l  vector m eson s  
( I j J  that 1 ' to the  con served  h aryon  current T h e  m o d e l  w;is e x t e n d e d  to inc lu d e
7T an d  f> m esons,  as well ;is c o u p l in g  to  the p h o to n  field. T h e  Lagrangian  d en s ity  use<l in 
[23] is:
C =  <,'(i D -  . \ / ) r  ■+■ -  m ;o") -  7'“' -t- -m ,: ! ] ,! ' ' '  (2.1'
-  ■ iM'it -  rn'ir ■ n)  -  ■ r r i’
-  ~ m • b > ‘  -  ■ f A -  -
-  e . 4 , 1  +  7-1) ■+■ (b t, x -r (7T X (cf'47T -r f/,,(7T X 6 ' ' ) ) ) : ( ]
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w ith  M  the nuc leon  m ass .  in,  an d  rnt, th e  scalar and  vector  m e so n  m asses ,  tr. b tl and  A )t 
th e  p ion . rho and  M axw ell  Helds, respective ly ,  w hile  B^u‘ an d  F ,u' are th e  rho m eson  and  
e lec tr o m a g n et ic  field s tre n g th s .
T h e  co m p le te  p rob lem  is a p p r o x im a te d  by replacing  th e  m eso n  fields w ith  the ir  e x p e c ­
ta t io n  values:
[ 0 ( r ) }  =  Oo ( r ) < P ‘(r)> =  ^ ° U ) ( r )  (2 .18)
T h e  in f in ite -m atter  a p p r o x im a t io n  from 119] was replaced  by a re la t iv is t ic  H artree ap p rox­
im a tio n  which  leads to  a th«*orv s im ilar  in content e x c e p t  that  o n e  has to  d ea l  w ith  a finite  
sy s tem .
T h e  Hartree a p p r o x im a t io n  leads to  a set o f  co u p led  e q u a t io n s  for th e  fields. T h e  
en ter in g  nucleon  m asses  and  c o u p lin g  c o n sta n ts  are taken  from ex p e r im e n t  or ca lcu la ted  
from limit con d it ion s .
S tar t in g  from a n  in it ia l  g u ess  o f  th e  scalar and vector p o te n t ia l  in a W o o d s -S a x o u  form, 
th e  D irac eq u a t io n s  are so lved  iteratively .  O nce th e  n u c leon  w ave fu n ct io n s  are ob ta in ed ,  
th e  d en s it ies  o f  the  m eson  fields are reevaluated .
T h e  in it ia l b o u n d - s t a te  w avefu n et ion  used w ith  DVVIA is c a lc u la te d  w ith in  th e  NLSH  
m o d e l  o f  Sharm a. N'agarajan an d  R in g  [91].
2 . 5  E l e c t r o n - n u c l e o n  C o u p l i n g
T h e  m atr ix  e le m e n ts  o f  th e  n ucleon  current are w rit ten  ;is
( P f . s f \ . h P l s l ) =  u f ( r f . s f ) P ‘ (<ifi. r f . r l ) u t ( r > . s t ) c j . i ' j i
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w h e n 1 P ‘ is the  e lec tr o m a g n et ic  vertex  fu n ct io n  for the  nuch'on and u,.  i i f  arc the  n ucleon  
sp inors .  For a f rre  nuc leon . P ‘ can  h e  e x p r e sse d  in several fully equivalent forms, o f  w hich  
th e  m ost  w id ely  used  are
C ,  -  C ' u ( Q 2 ) ^ -  ^ F A Q - M P ; 1 +  P p  (2 .20)
m.TIlp
r;;, = Fng-b,, + (2.21 >— TTlp
Here F\  an d  F< are th e  Dirac and P aid i form factors, respectively .  n tli‘ =  -  V 'V ') .
an d  G \ i  =  F\ + k F> is the  Sachs m a g n e t ic  form -factor w here k is the a n o m a lo u s  m a g n e t ic  
m o m e n t  o f  the proton. W h en  c o n s id er in g  h o u n d  (off-shell) protons, however, the  ah ove  
fu n ct ion s  are no longer equivalent.
In ca lcu la t ion s  o f  ( c .c 'p )  reactions 011 f in ite  nuclei, current conservation  is restored by 
hand, u sing  one o f  the  su b st i tu t io n s
■h -  - • / „
'/
•/„ -  - i t
JL
or. for ex a m p le
■l,i -1- - q T ' I v
T h e  exp ress ion  (2.22) is in general preferred b eca u se  the charge d is tr ib u t ion  . /0 o f  the  target  
is u su a lly  b etter  know n from exp er im en t.  However, the  am b ig u it ies  in trodu ced  by the  choice* 
o f  o n e  or the  other current con servation  resto ra t io n  sch em e d ecrease w ith  increasing  Q 2 [2 .1]. 
T h e  tran sit ion  m atr ix  elem ent (2 .4)  c o r re sp o n d in g  to the  electron  sc a tter in g  process  in
•l,i -  (-V -h- li- —-A) )■ ( 2 . 2 2 ) 
(2.2:5)
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its  m ost general form is
M f , = Jfl (2 .24)
w h e re  j tl is th e  lep ton ie  (e lectron) current and fl,,,, is the  p h o to n  propagator which  redu ces
an d .  in con seq u en ce ,  so  is th e  m atr ix  e lem en t.  T h e  m ost frequently  ad op ted  is the C o u lo m b  
g a u g e  when* .VIy, is w r it ten  as
w h ich  is the result o f  u s in g  the  F eyn m an  p rop agator  in (2 .24)  w ith  the  su b st i tu t io n  (2 .22)  
for the  nucleon  current. A n o th er  choice  w ould  be
T h e  m ost stra igh tforw ard  approach  to  ( r .e 'p )  s c a tter in g  is th e  p lane  wave im pulse  a p p r o x ­
im a t io n  ( P W I A ) .  w here  tin* wave fu n ct ion  o f  th e  o u tg o in g  p roton  is ap prox im ated  w ith  a 
p la n e  wave as if  the  o u tg o in g  proton  d o e s  not interact w ith  th e  residual nucleus an ym ore .
W h en  this  residual in teraction  is to  be con sid ered , th o u g h ,  so m e  corrections to  th is  
s im p lis t ic  m o d e l  are n eed ed .  W h en  th e  final s ta te  in teraction  is taken into account ;is a 
d is to r t io n  o f  the  wave fun ct ion  o f  the  o u tg o in g  proton , o n e  g e t s  the next a p p r o x im a t io n ,  
th e  DW 1A. w here the  D s ta n d s  for 'd istorted '.  In th is  m od e l,  th e  interaction  b etw een  tin*
in th e  Feyn m an  g a u g e  to  D ^ ,  =  hj^ / Q '  T h e  exp lic it  form o f  fl,,,, is gauge d e p e n d e n t
Vf ( ’Hulornb
o b ta in e d  in th e  sa m e  m an n er  but u sing  (2.24) th is  t im e.
2 . 6  F i n a l  S t a t f . I n t e r a c t i o n s
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o u tg o in g  p ro ton  and  tin* residual nucleus is m o d e le d  l>v an o p t ic a l  potentia l.
At h igh  fo u r -m o m e n tu m  transfers, th e  o p t ic a l  p o te n t ia l  ap proach  b ecom es in accurate  
s in ce  th e  sc a tter in g  is increasing ly  diffractive. T h e  f ina l s t a te  in teraction  is then  m o d e led  
as m u lt ip le  re sca tter in g  o f  th e  ou tgo in g  p roton  o n  t h e  in d iv id u a l  nucleons.
2.6.1  I m p u l s e  A p p r o x i m a t i o n
Tin* im p u lse  a p p r o x im a t io n  (IA) is based on th e  a s s u m p t io n s  that the* nucleus can be treated  
as a  co l lec t io n  o f  n o n in te ra c t in g  nucleons and th a t  t h e  d y n a m ic a l  behavior o f  the  in d iv id u a l  
n ucleon s  is not m odif ied  by the nuclear m ed iu m . In t h e s e  co n d it io n s ,  the nuclear current  
is g iven  by th e  su m  o f  th e  currents o f  th e  in d iv id u a l  n u c leo n s  treated  as free particles ,  i.e. 
./'' is w r it ten  ;is
. / " ( / V / y : P ) /l  =  ./"(g)/, =  I P ' . / ’,)!/,  (2 .27)
w ith  P, th e  in it ia l p ro ton  m o m e n tu m  w ith in  th e  n u c le u s ,  u, and  u j  the  proton (d is torted)  
sp inors  an d  P ‘ th e  e lec tr o m a g n et ic  vertex fu n ct io n  for th e  nucleon .
2.6 .2  P l a n e  W a v e  I m p u l s e  A p p r o x i m a t i o n
W h e n  th e  im p u lse  a p p r o x im a t io n  (2.27) is u sed  in c o n ju n c t io n  w ith  the a ssu m p t io n  that  
th e  o u tg o in g  p roton  wave function  can be a p p r o x im a t e d  w ith  a plant* wave (no F SI) .  on e  
o b ta in s  th e  P la n e  W ave Im pu lse  A p p rox im ation  ( P W I A ) .
In gen era l,  th e  s c a t te r in g  s ta te  and  the  b o u n d  s t a te  art* so lu t ion s  o f  the  e ig e n ­
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value equations:
' ^ H m l ( E ) C l . E a  =  Eli',„.Ea (2.28)
I
£ < , ( £  + « > * &  -  ( £ + - - > W „  U.29I
I
w here  H , nt ( E )  is a o n e -h o d v  H a m ilto n ia n  o f  t h e  Feshhaeh form hut referred to th e  residual  
nucleus.  T h e  |£7i) are the  e ig e n s ta te s  o f  th e  res id ua l nucleus with  A - l  n u c leon s  characterized  
hy th e  en ergy  E and  an a d d it io n a l  set o f  q u a n tu m  num bers a  [22j.
In P W IA .  the  sc a tter in g  wave fun ct ion  in m o m e n tu m  space 1 from (2 .29)  b ecom es  
a d e lta -fu n et io n  centered  011 th e  ob served  m o m e n tu m  o f  the o u tg o in g  n ucleon . In this  
a p p rox im ation ,  the  integral
•E l ( Q ) f , =  f . l p , ^ r \ ' f . y  (p -  q) (  J ‘‘f  f ) /.;„ (p.q)  t •/•:« (p ) \ A n  ( E ) (2.:«))
can  b<‘ perform ed im m e d ia te ly  w ith  the  result that  in the co inc idence  (r . r ' p ) cross -sec t ion  a
factor iza tion  is p oss ib le  b e tw e e n  th e  e lee tr o n -n u e leo n  interaction  an d  tin- nuclear s tru cture  
part g iven  by tlit* d ia g o n a l  sp ec tr a l  d en s ity  S ( E . p ) .  T h e  P W IA  cross -sec t ion  h as  th e  form:
d'cr
=  Kcj*PS ( E . p )  (2.21)
dE'r d U r<Hl
w ith  K  g iven  by (2 .14) an d  (r,p is the  off-shell e lec tron -p ro ton  cross s e c t io n  I 18]. T h e  spectra l  
fu n ct ion  S ( E . p )  co n ta in s  a ll the* in form ation  o n  th e  single* particle* p rop ert ie s  e>f the* nucleus.  
E q u a t io n  (2.81) tells  that th is  type* o f  re*actiem is ab le  to  give* ele*taile*d infejrmation on the  
single'-particle* structure* e>f the* nuedei.
T h e  exp lic it  e*xpre*ssiems for th e  structure* fu n ct ion s  / ,  (cep 2.12) are eas ily  e)btaineel in
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P W IA . T lio  nuclear s tru c tu r e  part o f  th e  e lectrou-nucleon  in teraction  ca n  h e  factorized  out  
su ch  that:
/ ,  =  S ( E . p ) t ) ,  (2 .32)
w here the  index i is th e  o n e  from (*2 . 1 1 ) and  the  functions <j, co n ta in  th e  se p a r a te d  con tr i­
b u t io n s  to  the  e lem en tary  e l e c tr o n - n u d e o n  sca tter in g  cross-section .
T h e  P W IA  is ab le  to  re p r o d u ce  th e  q ua li ta t ive  features o f  th e  n u c lear  resp on se  and  
in particu lar it e x p la in s  the  p eak s in the  cross-section  that reflect th e  sh e l l  s tru c tu r e  of  
th e  nucleus. However, it can  not g iv e  a  q u a n tita t iv e  d escr ip tion  o f  th e  e x p e r im e n ta l  data .  
T h e  m ost im portant correct ion  n eed ed  is for the  effects o f  FSI. ;us will b e  d iscu sse d  in the  
following subsection .
2.6.3  D i s t o r t e d  W a v e  I m i h  l . s e  A p p r o x i m a t i o n
In general,  the nucleon sc a tter in g  s t a t e  \ 'h- 1 is an e igen fu nction  o f  th e  F esh h ach  H am ilton ian  
' W ( E , + u ; )  from eq. (2 .29) .  T h e  so lu t io n  to th is  problem  is s im p lif ied  in D W I A  by replacing  
H w ith  an op tica l  p o te n t ia l ,  w h ich  s im u la te s  the m ed iu m -h e ld  in te ra c t io n  b etw een  the  
residual nucleus and th e  ejec ted  nuc leon . T h e  optica l  p o te n t ia l  is d er iv ed  from fits to  
nuclt'on-nucleus e lastic  sc a tter in g  d a ta .  T h e  optica l p o ten tia l  is c o m p le x  w ith  a real part  
d escr ib in g  the  average p o te n t ia l  en e r g y  o f  the  nucltHin crossing th e  nuclear m e d iu m  an d  an  
im agin ary  part w hich  takes into  a cc o u n t  the  loss o f  flux d ue  to  in e la s t ic  processes .
2.6.4  E i k o n a l  A p p r o x i m a t i o n
T h is  ap p rox im ation  covers a s i t u a t io n  in which  the  p o ten t ia l  \ ’( r )  varies very l i t t le  over a 
d is tan ce  o f  the order o f  a w a v e le n g th  A (which  can b e  regarded .us sm a l l ) .  T h e  p o te n t ia l  
i t se l f  need not b e  weak ;us long  :us E  jl'j. T h e  exact wave fu n ct ion  i i p  \ is replaced  by
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Figure 2-3: Diagram for the semi-exclusive (e .e ’p) reaction. The DWIA adds to the PWIA diagram  
the FSI. svmltolized here h\ the shaded area.
th e  semi-chLssical:
1 * 1 ip  r  isi r  i , 
UD.< =  ' P  ' X (2.33)
w ith  the  e ikon a l ph.ase
S ( b . z )  =  ~ —  J <lz' {I ’, (b.  : ' )  - \ \ „ { b .  z ) x [a  ■ (b  x k  ) -  i n : '  } (2 .31)
w here  we in trod u ced  the n o ta t io n  r  =  (b.  z ). l i  and  l ’„, are th e  central and  sp in -orh it  
c o in p o n e n ts  o f  the  potentia l I ’ . re sp ective ly .  an d  k is th e  average n io in en tu in  defined  ;us
«  =  \ ( P '  +  Q)
w h ere  q =  p'  -  p ,  and r/ p, .  In qua.siehi.stic reg im e that we ca lcu la te ,  will set q = p'
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2 . 6 . 5  O p t i c a l  M o d e l  E i k o n a l  A p p r o x i m a t i o n
T h e  O M E A  is an  op tica l m o d e l  b ased  on  a  fully re la t iv is t ic  framework, using a r e la t iv is t ic  
o p t i c a l  p o te n t ia l  in co n ju n ct io n  w ith  th e  e ikonal ap p r o x im a t io n .  Its valid ity  ran ges  from  
in te r m e d ia te  to  high Q 2.
T h e  in e las tic  c o n tr ib u t io n s  to  th e  e x i t  ch an nel are  taken into account by th e  c o m p le x  
o p t ic a l  p o te n t ia l  co n stru cted  from fits to  n u r l r o n- nu c l e u s  d ata .  T h e  scatter in g  w ave fu n ct io n  
is p r o p o r t io n a l  to
1
E  -  rn
e x p ( i p - r )  \  i (2 .35)
w i t h  th e  e ikonal phase  g iven  by (2 .34)  a n d  lj. and  t ’,„ o b ta in ed  from global o p tic a l  p o te n t ia l  
fits . It is n orm alized  so that:
^liin ^ p  's { r )  =  t f p V ' V * (2 .36)
T h e  o p t ic a l  p o te n t ia l  used w ith  th e  O M E A  c a lc u la t io n s  conta ined  in this  th es is  is th a t  o f  
C o o p e r  f t  <d. [47]. B y  f itt in g  proton  e la s t ic  sc a tter in g  d a ta  in the energy range o f  20  1 Oil) 
M e V . th e y  su cceed ed  in o b ta in in g  a  set o f  en er g y -d e p e n d en t  p o ten t ia ls  for lJC . 40C’a. >0Zr 
a n d  -w P b  2. T h e  general form o f  th e ir  p o te n t ia l  is:
U ( r . E . A )  =  V ' ( E . A ) f A r . E . A )  +  V' [  E . A ) f ' ( r .  E.  A)
i \ V r ( E . A ) t f ( r . E . A )
2.3  <
■’b u t  no t  for 'H e
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w here the su p e rsc r ip ts  r  a n d  s refer to  v o lu m e  an d  surface peaked term s an d  th e  geo m e­
tries are p aram etr ized  th rou gh  th e  fu n ction s  f ' ( E . A )  =  f ' ( R { E .  A ) . a { E .  A) ) .  S a m e  for 
} s . ( f  . ( f  ■ T h e  en er g y  a n d  m ass  d e p e n d e n c e  o f  the  p oten t ia l  are p aram etr ized  in a  set o f  
p o lyn om ia ls  in the  ex p r e s s io n s  o f  \  ' ( E .  .4). R ( E .  .4) an d  « ( E.  .4). T h e  m o d e l  p rov id es  a  set  
o f  264 param eters,  w h ic h  are d e te r m in e d  by com p arison  w ith  the  data .
O ne m ust note ,  however ,  th a t  in O M E A  th e  op tica l p o ten t ia l  is u sed  in a c o m p le te ly  
different m anner c o m p a r e d  to  DW'IA. W hile th e  O M E A  uses (2 .34) to  in tegra te  a lo n g  the  
p ath  o f  the  o u tg o in g  n ucleon , th e  DW’IA so lves  (2.29) w ith  th e  H a m ilto n ia n  replaced  bv 
the  op tica l p o ten t ia l .
2 . 6 . 6  R e l a t i v i s t i c  M u l t i p l e - S c a t t e r i n g  G l a u b e r  A p p r o x i m a t i o n
For proton kinetic  en er g ie s  Tf, >  I CJeV. the  use o f  op tica l  p o te n t ia ls  a p p e a r s  no longer  
just if iab le  in v iew  o f  th e  h igh ly  ine lastic  character  o f  the  e lem en tary  p ro to n -n u c leo n  sc a t­
tering process. A n a l te r n a t iv e  is offered by an ex ten s io n  o f  the  eikonal m e t h o d ,  n a m e ly  the 
G lauber m u lt ip le - sc a tter in g  m eth o d .
T h e  R M S G A  is a re la t iv is t ic  gen era liza tion  o f  the  G lau b er  ap proach ,  in w hich  the  
w avefunction  o f  th e  e s c a p in g  p ro ton  is w r it ten  as:
T h e  op erator S  d e f ines  the  a ct io n  o f  su b seq u en t  co llis ions that the o u tg o in g  p ro to n  under­
g oes  w ith  the s p e c ta t o r  n ucleons
(2.38)
.1
S ( r .  r>.  r  ( ...........r . \ )  =  [1 -  F ( 6  -  b j ) 0 ( z  -  r,)j (2.39)
v---’
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w here # (c  — Zj)  en su re s  that  the  eject i le  o n ly  in terac ts  w ith  other nucleons if  th ey  are 
loca lized  in its  forward p rop agation  p ath .  T h e  s p e c ta t o r  nucleon s  are considered  as frozen  
a n d  th e  co l l is ions  are con sid ered  e la s t ic  or m ild ly  e lastic .  f ( b  -  bj )  is th e  profile fu n ct ion  
for e lastic  p.V s c a tte r in g
« ( 1  ~  !>P.v) (  t r
p v
w itli  the  p r o t o n - nu c l e o n  sca tter in g  p aram eters  tak en  d irect ly  from n uc leon-nucleon  s c a t te r ­
ing m easu rem en ts  ( a p p e n d ix  D . l ) .  T h ese  p a ra m eter s  are the  to ta l  p. X  cross-sec t ion  a ^v-  
the  s lop e  p a ram eters  d;, \  and the ratios o f  th e  real to  im aginary  part o f  the  sc a tter in g  
a m p li tu d e  t f)\ .
2 . 7  R e v i e w  o f  P r e v i o u s  E x p e r i m e n t s
2.7.1 Cross-section measurements
T h e  analys is  o f  th e  l~ C { r . r ' p )  reaction gives a n ice  ex a m p le  of what can  he learned from  
quasifnx* e lec tron  k nockout on  light nuclei. T h is  react ion  h;is heen  s tu d ie d  in great d e ta i l  
an d  w ith  h igh -reso lu t ion  ex p er im en ts  [;{. 4. 8 . (J. 10. 11].
F igure 2-4 sh o w s  m iss in g  energy sp ec tra  o f  t h e  l~C( t ‘. r ' p )  reaction from e x p e r im e n ts  
d o n e  in 1976 at S a d a y  [4] (a) and Tokyo [dj (h).  T h r e e  regions, present on  tlit* m iss in g  en ergy  
sp e c tr u m  o f  all nuclei,  can  h e  seen  on (F ig .2 -4 .a): at low they  are p eaks corresp on d in g  
to the  valence s ta te s ,  then  weak ly  ex c ited  s ta te s  a n d  at higher energy a large h u m p  ap p e a rs  
c on ta in in g  th e  c o n t in u u m  sta te s ,  corresp ond ing  in 1JC’ to  p roton  knockout from the  (l.S[ •_,) 
level or to m ore c o m p lic a te d  m echanism s.
High en ergy  reso lu t ion  (~~ 1 M eV) o f  the M o u g e y  r t  nl.  exper im ent allows to  iso la te
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Figure 2-4: Missing energy spectra for tin* >JC(t  , t  'i>j reaction, within different missing momentum  
ip/ i )  bins: la) from .1. Mougev 1 1 al. [4] (197G). (t») from K. Nakamura i t  al. [3] (I97G). The data  
is well reproduced hy DWIA.
th e  first few levels  o f  the residual MB n uc leu s  (F ig .  2 -4 .a): the  grou n d  s t a te  ) at 
a p p r o x im a te ly  1G M eY in E,n. th e  Er — 2 .1 2 M e V  exc itet l  s ta te  ( 7  . Em ~  IS .MeV) and  
the  Er =  5 .02  M e V  s ta te  ( 7  . Em ~  21 M eV ).  T h e  re lative  s tren gth s  o f  the  three />-s ta te s  
were m e a su r e d  to  he 74. 13 and  9 (/ i .  resp ective ly ,  w i th  a residual 4 ‘X a t tr ib u te d  to  higher  
e x c i t a t io n s .  A  sh ort-l ived ,  low -energy  c o m p o n e n t  o f  th e  l.s-hole s tren gth  for t in 1 7 h'vel 
(Et  =  G.79 M e V )  can  he seen  ;ls a wiilt' j)eak cen tered  around  40  M eV on  Fig. 2-4.1). T h e  
s p r e a d in g  o f  t h e  l.s-hole s tre n g th  in d ica tes  the  b reak d ow n  o f  th e  s im p lest  s in g le -p art ic le  
(TPSM) p ic tu r e .
F igu re  2 .7 .1  sh ow s th e  m iss in g  energy  s p e c tr u m  m easu red  hy R. Lourie c t  al .  [S]. T h e  
tw o />-shell e x c i t a t io n s  m en tion ed  a b ove  ( 7  an d  7 ) are not resolved here. A uniform
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Figure 2->: M issing energy sp ectra  for IJC(e. f ' p)  at qiiasielastir kiiieniatirs frotn R. Loiirie t t  al .  [81. 
T h e  area ah ove  the dashed line is a ttr ibuted  to  th e  s-shell.
co n t in i iu in  stren gth  is found in th e  m iss in g  en ergy  region e x t e n d in g  from the  .s-shell up  
to  th e  h ighest  m easured  value. T h is  s t r e n g th  ran he p art ly  .attributed  to  tw o -b o d y  and  
u m lt in u r le o n  em iss ion.
A m ore  rerent ex p er im en t  on lt>( )  c o u ld  b e  cited  in order to  i l lu s tra te  the  presence  
o f  m u lt i-p a r t ic le  co n tr ib u t io n s  at high E m . "’( )  has been  a  favorite nucleus for th eorists ,  
b e in g  a  d o u b ly  c lo sed -she ll  n u c leu s  w h o se  s tru c tu r e  is eas ier  to m o d e l  th an  o th er  nuclei.  
E x p er im en ta l ly ,  o x y g en  has b e e n  s tu d ie d  extensive ly .  However, it is not ;is con ven ient  a 
target  a s  carb on  for ex a m p le ,  hen ce  less ex p e r im e n ta l  d a ta  are ava i lab le  from lf’( ) ( c . r 'p )  
re a c t io n s  [7. 13].
F igu re  2-6 sh ow s cr o ss - sec t io n s  m ea su re d  by \ .  L ivanage  f t  al .  for l,’0 ( f . c ' p ) .  as a
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function  o f  m iss in g  en er g y  at Ebeam =  2.4 G eV . for various p ro to n  an g les  2.5" <  0pq <  20".  
T h e  average m iss in g  m o m e n t u m  in creases  w ith  0pq from 50 M e Y / c  to 340  M e V /c .  T h e  
d a ta  .are a cc o m p a n ied  by  severa l s e t s  o f  ca lcu la t ions .  T h e  p rom inent  p eaks at 12 M eV  
and  18 M eV in E m are d u e  to  />-shell proton  knockout. At th e  lowest m iss in g  m o m e n tu m .  
Pm m  =  50 M e V /c .  th e  b road  peak  cen tered  at E rn =  40 M eV  is d u e  p red om in an t ly  to  
knockout o f  p ro to n s  from th e  1 .st 2 s t a te .  W ith  increasing  th is  peak is less p rom inent
until  it van ishes c o m p le te ly  b e n e a t h  a  Hat background  for p „ llSA >  200 M e V /c .  At th ese  
values o f  m iss in g  m o m e n t u m  or for E , n >  60 M eV  the  cross-sec t ion  d o es  not d ep en d  on E, n 
and  o n ly  very weakly  o f
D W IA  ca lcu la t io n s  by K elly  [52] accurate ly  d escr ib e  th e  l/>-shell cross-section  up to  
m issing  m o m e n ta  o f  340  M e Y / c  (set' a lso . .1. G ao  v t  al .  [14]). At larger the  D W IA
cross-sec t ion  is m uch sm a l le r  th a n  t h e  m easured  one. R e la t iv is t ic  D W IA  ca lcu la t ion s  by  
oth er  au th ors  [54] sh o w  s im ila r  resu lts ,  confirm ing the  a t tr ib u t io n  o f  the  large m issing  m o ­
m en tu m  cross-sec t ion  to  n o n -s in g le -n u c le o n  knockout.  T h e  im p o r ta n c e  o f  these  m echan ism s  
incre;ises w ith  such  th a t  at m is s in g  m o m e n ta  ab ove  300 M e V / c  they  b ecom e d o m in a n t .
Tin* (r. •■'[»>) and  ( t . t  ' p p ) c o n tr ib u t io n s  to ( r . t  'p)  .are taken  in to  account by the Rycke-  
busch  ca lcu la t io n  [53] in c lu d in g  p io n -ex c h a n g e  currents. IC ;is well  ;is centra l and tensor S R C  
((hushed line o n  F igu re  2 -6 ) .  T h e  Hat cross-sec t ion  p red icted  by th is  ca lcu la t ion  is con sis ten t  
w ith  th e  d a ta  but it can  a cc o u n t  for o n ly  half  o f  the  m easu red  cross-section . T h is  h ints  
toward a d d it io n a l  c o n tr ib u t io n s  from  M E C  and tw o-n uc leon  k nockou t [51]. M easu rem ents  
o f  ad d it ion a l ob servab les  are n eed ed  t o  verify th ese  con tr ib u t ion s .
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Figure 2-6: r'/>) cross-section measured at different outgoing proton angles ;is a fnnrtion of
missing energy from X. Liyanage i t  al.  [olj. The curves show the single-particle strength calculated  
by J. Kelly I .s-shell only, solid curve) and by J. Ryckebusch (dashed curve), folded with the Lorentzian 
parameterization of Mahaux. The dotted line shows the Ryckebusch i t  al. calculations of the 
(e. c'/mi ) and (c. i '///)) contributions to (r. e'pI including MEC. IC  and central correlations, while the 
dot-dashed line also includes tensor correlations, (from X. Liyanage i t  al.  [31]).
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2.7.2 A \ r  measurements
T w o  e x p er im en ts  m easu red  A'r r  in 1~ C ( e . e /p) reactions,  b o th  at the M I T -B a te s  laboratory .  
T o d a te ,  we are not aware o f  a n y  m ea su re m e n ts  o f  A'r r  w ith  'H e targets .
T h e  first m easurem ent o f  th e  h elie ity  a sy m m e tr y  on  1JC was carried ou t  in 1994 an d  is 
reported  bv M an d ev il le  ct  al .  [24] and  Dolfin i t’t  al .  [12]. T h e y  used a  560  MeV' b e a m  w ith  a  
d u ty  factor o f  0.6% an d  a p o la r iz a t io n  P r  =  (34 +  4)%. P-she ll  proton  knockout d a t a  were  
taken for the  1JC (e.e p ) n B react ion  in th e  q u asie la st ic  k in em atic s  at a  m o m e n t u m  transfer  
q -  370  M e Y /c .  M e a su re m e n ts  were m a d e  for two different angles  (21" an d  29") o f  the  
o u tg o in g  proton  m o m e n tu m  w ith  respect to  th e  m o m e n tu m  transfer q.  w ith  an o u t-o f -p la n e  
sp ec tr o m e te r  ( O O P S )  loca ted  at o p<f =  90" (above  th e  sca tter in g  p lane).  B y  p erform in g  
an a b so lu te  m easu rem ent o f  t h e  h e l ic itv - in d ep en d e n i  part o f  the cross-sec t ion ,  th e y  a lso  
e x tr a c ted  the  fifth resp onse  function:
T h eir  resu lts are sh ow n  in figure 2-7. a lo n g  w ith  D W IA  ca lcu la t ions .  T h e  p oint at t)pq =  0 " 
in F ig .2 .7 (a).  taken as a  s y s t e m a t ic  error check, is metisured w ith  d e u te r iu m  in paralle l  
k inem atics ,  w here / J y  sh o u ld  b e  null. T h e  theoretica l  ca lcu la t ion s  that  a c c o m p a n y  the  
three d a ta  p o in ts  were p erform ed  in th e  D W IA  fram ework em p lo y in g  different m ean-H eld  
op tica l  m od e ls  to d escr ib e  FSI.
F igure 2 .7(a)  is taken from reference [24]. T h e  op tica l  p o ten t ia ls  list'd w ith  D W I A  tire 
the  on es  o f  Seh w an dt f t  al .  [56] a n d  C om fort  A  K arp (C K ) [57]. F igure 2 .7 (b )  is tak en  from  
reference [12]. T h e  op tica l  p o te n t ia ls  used  are th e  ones  o f  Sehwandt f t  al .  (S ) .  C o m fo r t  A  
K arp  (C’K ).  G ian n in i A' R iec o  ( G R )  [59] an d  Jack son  A  A bd ul- . la li l  (.1A ) [58].
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(h) T h e  A'L r  .m d  fifth response  func tion  f ' l r  r e p o r t e d  in [12]
Figure 2-7: The A'l r  asymmetry and the fifth response function f \ r  measured in 1_CU .»'/i)n B 
reaction at </ =  371) MeV/c. Q-  =  0.13 G eV J/r-’. for p-shell knockout, measured at BATES [24. 12]. 
The theoretical curves are explained in the text.
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Each p o ten t ia l  includes  real an d  im ag in ary  centra l ter m s and a real spin-orl>it c o m ­
p o n e n t .  T h e  S and JA  p o te n t ia ls  a d d it io n a l ly  in c lu d e  very sm all im agin ary  sp in -orb it  
con tr ib u t ion s .  T h e  C K  an d  S p o te n t ia ls  u se  vo lu m e w ells  for the* im aginary  centra l term ,  
w h ile  G R  and  JA  use surface a b sorp tion .  T h e  S a n d  C K  p oten t ia ls  are q u ite  s im ilar  in 
s tr e n g th  and sh a p e  but th ey  differ m o s t ly  at sm all  radii. T h e  JA  p oten t ia l  has a  m uch  
sm a lle r  d ep th  o f  the  real an d  im ag in ary  central w ells .  T h e  real spin-orbit part o f  JA  is 
sh a rp ly  peaked at a radius that  is sm a ll  co m p ared  to  th o se  o f  the o ther p o te n t ia ls .  T h e  G R  
p o te n t ia l  produce's an a s y m m e tr y  that  is not very different from S and C’K. yet  th e  sh a p e  o f  
its  im aginary  central well is m uch different from the o n e  featured  in those p o te n t ia ls  an d  G R  
h;is a sm aller d ep th  o f  the* real sp in -orb it  well. C o m p a r a t iv e ly  w ith  the cross-sec t ion ,  w here  
o n ly  the  absorb ing  im aginary  central term  o f  th ese  p o te n t ia ls  product's a v is ib le  effect, in 
th e  Jisymmetry all term s were found to  contribute' s ign if ican t ly  [1 2 ]. However, we m ust n ote  
th a t  more recent d iscu ss ion s  [55] revealed  that  the  o p t ic a l  p o te n t ia ls  o f  S eh w an d t  ct  al .  (S)  
[o(j] and  Jackson k. A b d u l-Ja li l  (.JA) [38] are in ap p rop ria te  for the com p arison  w ith  the1 
B a te s  results. The* S ehw andt p o te n t ia l  is o p t im iz e d  for .1 >  10 and  80 < Tp <  180 MeV" and  
doe*s not ex tr a p o la te  well in eithe-r m ass  or energy, w h i le  th e  A bdul-Jali l  p o te n t ia l  creates  
p artic les  for Tp — 50 M eV  ( th e  im a g in a ry  central p o te n t ia l  has the wrong s ig n ) .  T h e r e ­
fore. an y  correspondence' b etw een  d a t a  an d  th e  c a lcu la t io n s  using these* twee peitentials is 
n ow  cemside're'd irrele'vant. We* will ta c i t ly  e'xeluele th e  re'spee-tive* eurve*s from the* fo llow ing  
d iscu ss ion .
T h e  curve's in Fig. 2 .7 (a )  are e-orres-te'el for m eson  exchange* curre-nts ( M E C )  anel A -  
isobar configurations. The'.se con trihutiem s we're* found to  p rod uev  on ly  sm all variations.  All  
c a lcu la t io n s  were corre'cte'd fe>r Cemhunh d is tort ion  e)f the* incide'ut ele’ctrem. The* re*sults lor 
f ' n  were* scale'el to fit the* d ata .
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Figure 2-8: The .4',; ;is\mrnotry for </ -  0.3.') G e \  /r .  _■ -  0.072 G e \  iQ~ = 0.128 G e \  ■/<•■). for 
p-shell knockout on ‘-’C . measured at BATES by X.Jiang f t  til. [25j. The three curves correspond  
to different choices of optical potential (explained in the text).
T h e  lJC  s -sh e l l  a s y m m e tr ie s  m easu red  hv M andt'ville f t  til. were c o m p l ic a te d  by th e  
large p -shell  rad ia t ive  tail.  A p p r o x im a t in g  the  va lence shell  c o n tr ib u t io n  in th e  32 M e \  
and 45 M eV  region w ith  tin* peak value, th ey  reported  a s y m m e tr ie s  o f  ( - 0 . 4 7  ± 0 . 4 8 )  at 
0p,, =  21" and  ( - 0 . 1 5  ±  0 .56 )  at 0pq =  20".
J ian g  f t  til. [25] m ea su re d  A)  r  for s l ig h t ly  different k in e m a t ic s  (F ig .2-8).  At th e  sa m e  
b eam  energy, th e y  m ea su red  the  A', r  a s y m m e tr y  for q — 0 .35  G e Y / r .  j j  =  0 .0 7 2  G e \  . 
for p-shell  k nockout on '“C. T h e y  a lso  m easu red  th e  .4 /./  and  t h e  re sp o n se  fu n ct io n s  
and f i  j . W h ile  A ’, ,■ is m o s t ly  se n s i t iv e  to  FSI. . 1 / /  is se n s i t iv e  to  th e  d e ta i ls  o f  nuclear  
s tructure.
For co m p a riso n  w ith  t h e  tln'orv. J ia n g  f t  til. u sed  D W IA  c a lc u la t io n s  w ith  th e  o p tic a l  
p o te n t ia ls  o f  S ch w an dt f t  til. (S) .  G ia n n in i  X: R iceo  (G R ) [59j a n d  C om fort  X: K arp  (C’K)
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[57]. T h e  three ch o ices  o f  p o te n t i . i l  were found to  g ive  s im ilar  p red ic t io n s  for A'[ r  (see  
figure 2 -8 ). in a c c e p ta b le  agreem en t  w ith  the m easu red  p o in ts ,  but th e y  found significant  
disagreem en ts  for / /  /■.
W ith in  th e  ran ge  o f  th e  d a ta ,  a ll theory curve's se em  to  b e  co m p a t ib le .  However, no 
trend cou ld  b e  d e d u c e d  w ith o u t  a d d it io n a l  Opq po ints .  T h e  d a ta  w as to o  lim ited  to draw a 
con clusion  m ore in te re s t in g  th a n  "consistent w ith  D W I A ” . From  th is  p o in t  o f  v iew , b oth  
e x p er im en ts  were1 co n s id er ed  sul>-optimal.
More d a ta  w ith  h igher  s ta t i s t i c a l  precision were* d e e m e d  n ecessary  to  gauge the  accu ­
racy o f  th e  m ean-f ie ld  tre a tm en t  o f  FSI. But the  inherent a ccu racy  o f  helic itv  a sy m m e tr y  
m easu rem en ts  and  the ir  in sen s i t iv i ty  to  m echan ism s o ther  th a n  FSI qualifies th e m  as an  
excellent too l not o n ly  for th is  task  but also for ev a lu a t in g  effects  co n s is te n t ly  b eyon d  the  
m ean-fie ld  ap proach . T h is  work fo llow s exac t ly  in th is  d irect ion .
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N o t e s  t o  c h a p t e r  2
MEC -  M e s o n  e x c h a n g e  c u r r e n t s
T h e  nuclear en v iro n m en t  s ign if icantly  m odif ies  th e  im p u lse  ap p rox im at ion  (IA ) nuclear  
current.  B e s id es  nucleons,  o ther  degm »s o f  freed om  are effective  at low and  in te rm ed i­
a te  en erg ie s  ( sec t ion  2.4).  T h e y  are a s so c ia ted  w ith  lo w -ly in g  m esons such  as rr ( . / T =  
( P .  /  =  1. m T =  139.6 M e V /c ) .  p ( 1 “ . 1 .7 7 0  M e V /c )  an d  j j  ( l - . 0 .7 8 3  M eV./c).  to geth er  
w ith  n u c leon  e x c i ta t io n s ,  basically  the  A (1 2 3 2 )  reson an ce  ( 3 / 2 * ' . 3 / 2 .  1232 M e V /c ) .  W h e n  
co n s id er in g  tw o  in teracting  nucleons, such d egrees  o f  freedom  play a role l>y a d d in g  a  two-  
b o d y  c o n tr ib u t io n  to o  the  IA current. An im p o r ta n t  part o f  su ch  a con tr ib ution  is d u e  to  
th e  ex c h a n g e  n a tu re  o f  th e  nucleon-nucleon  in tera c t io n  that  arises  from the  ch arge-carrying  
part ic les  e x c h a n g e d  by the  nucleons w ith  th e  a p p lied  e lec tr o m a g n et ic  field. As th e  e x ­
c h a n g ed  p a rt ic le  is a m eson , they  are known as mr.son r x c h a n g r  n m r n t s  (M E C ).  T h e y  are  
isovector  c o n tr ib u t io n s  to  the  lon g itud ina l (L) c o m p o n e n t  o f  the  current [22] and  th e y  are  
m o d e l- in d e p e n d e n t  in the  sense that they co n ta in  no p aram eters  not a lready present in the  
n u c leo n -n u c le o n  interaction.
A - I S O B A R  C O N F I G U R A T I O N S
T h e  A -r e s o n a n c e  is an in term ed iate  con figuration  th a t  g ives  rise to a transverse (T )  current.  
T h is  b e lo n g s  to  th e  ca tegory  o f  m o d e l-d ep en d en t  curren ts  in th e  sense  that they  can  not be  
deduct'd  from th e  n uc leon-nuc leon  p o ten tia l  or from th e  c o n t in u ity  eq u ation  for the  nuclear  
current.
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E x p e r i m e n t a l  S e t u p
T h e  ex p er im en t  h;is b een  perform ed  at th e  T h o m a s  Jefferson N ation a l  A ccelerator Facility, 
in N ew p o rt  N ew s.  V irg inia ,  in April May. 1999. T h e  d a ta  was taken in th e  Hall B o f  
th e  facil ity  and m ad e  use o f  th e  C L A S  d etec to r .  ( ’LAS is the  acronym  for C K B A F 1 
L arge  A c c e p ta n c e  S p e c tr o m e te r .  T h e  fo l low in g  se c t io n s  give a general d escr ip t ion  o f  the  
accelerator  and  o f  th e  su b s y s te m s  o f  the  d etec to r .
3.1 A c c e l e r a t o r
T h e  C E B A F  accelerator  is a s u p e r c o n d u c t in g  radio  frequency (R F )  e lec tron  accelerator.  
It w;us co m m iss io n ed  d u r in g  th e  early  1990s an d  p rod u ced  its  first ex p er im en ta l  b eam  in 
O c to b e r  o f  1994. T h e  accelerator  d elivers  b e a m  to  three e x p er im en ta l  halls, demoted as A.  
B an d  C in figure 3-1. T h e  co n stru c t io n  o f  a  fourth  hall. D. is underway.
T h e  accelerator  uses a s ta te -o f - th e -a r t  p h o t o c a t h o d e  gun s y s te m  that is ca p a b le  o f  d e­
livering  b ea m s  o f  h igh  p o lar iza t ion  an d  h igh  current to  Hall A and  Hall C w h ile  m a in ta in in g  
h igh  p o lar iza t ion  low current b ea m  d e liv e ry  to  Hall B. A n R F  ch o p p in g  s y s te m  o p era t in g  at 
499  M H z is used  to  d eve lop  a 3 -b e a m  1.4971 G H z b u n ch  train at 100 keY. T h e  b ea m  is then
lo n g itu d in a l ly  com p ressed  in tin* b u n ch in g  se c t io n  to  provide 2  ps bunches,  w hich  are then  
'C ’E B A F  is also itn ac ro n y m ,  s t a n d in g  for C o n t in u o u s  E lec t ro n  B eam  A cce lera to r  Facil i ty
37
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accelerated  to  ju st  over l'/f o f  the  to ta l  m ach ine  energy  in th e  rem a in in g  injector sect ion .  
T h e  h eam  polarizat ion , o p t ic s  and  en er g y  are verified in the  injector m a tc h in g  region prior 
to  injection  into the  m ain  m achine .
M a c h i n e  C o n f i g u r a t i o n
Recirculation
rr.L Foe u itt
0.4-(ie\ unac  
(20 C nom odulfi)








(2 i/4 CryomoduUi) ^
End 
Stations
L z±_‘ iii 5
Figure 3-1: The C'EBAF Accelerator. The three blowup boxes show (clockwise from upper l.h.s.): 
one of the linac crvomodules. a cross section of the tunnel with the five recirculating arcs, and a 
cross section of a eryomodule.
T h e  h ea m  from tin* injector is a cce lera ted  through  a u n iq u e  rec ircu la t in g  h ean il in e  that  
looks so m e th in g  like a racetrack (see  Fig. 3-1).  w ith  tw o linear acce lera tors  jo in e d  by two  
180° arcs w ith  a radius o f  80  m eters.  T w e n ty  cryom odn les .  each  c o n ta in in g  eight su p e rc o n ­
d u c t in g  n iob iu m  cavities,  line th e  tw o  linear accelerators. Liquid  h e l iu m , p ro d u c ed  at the  
Lab s C entral H elium  Liquefier (C’H L ). keeps the  acce leratin g  ca v it ies  s u p e r c o n d u c t in g  at 
a  tem p e ra tu r e  o f  2 K. T h e  linac en erg ie s  are set identical a n d  th e  R F  c a v i t ie s  are phased  
to  provide m a x im u m  acceleration . S u b seq u e n t  passes th rou gh  th e  a cc e ler a to r  are phased
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
39
to m a x im u m  en er g y  ga in  by ad ju st in g  the length  o f  travel in th e  d og leg  se e t io n  o f  th e  p re­
ced ing  arc. Q u a d r u p o le  an d  d ip o le  m agn ets  in th e  tu n n e l  s teer  and focus th e  b ea m  as it 
p asses throu gh  each  arc. More than  2 .200  m a g n e ts  keep  th e  b ea m  o n  a precise p a th  a n d  
t igh t ly  focused .
B eam  is d ire c ted  into  an exp er im en ta l  h a l l ’s tran sp ort  chan nel u sing  m a g n e t ic  or R F  
ex tract ion .  T h e  R F  sc h e m e  list's 499 MHz cav it ies ,  w hich  kick every third  b u n ch  out  o f  th e  
m achine . T h e  b e a m  is recirculated  up to five t im e s  in to  the  linacs a n d  th en  delivered  to  
tht' ex p e r im e n ta l  h a lls  s im u ltan eou sly .
Tht' m a x im u m  b e a m  en ergy  available is a p p r o x im a te ly  5 .5  G eV  w ith  an en ergy  sp read  
o f  0.01% or b et ter .  Tht' m a x im u m  current is ab o u t  2 0 0 / iA  w ith  a b ea m  sp ot  size  at the  
target o f  0 .5  m m . T y p ic a l  b eam  currents in Hall B are 2 20 n A .
3.2 T he CL AS D e t e c t o r
A large a c c e p ta n c e  sp ec tr o m e te r  is needed  in e x p e r im e n ts  that, require d ie  d e te c t io n  o f  
several u n corre la ted  partic les  in the liadronic final s t a te  or in m ea su rem en ts  w here  the  
lu m in os i ty  is l im ited  by the  b eam , target or acc id en ta l  background .
T h e  C L A S  is su ch  a d e tec to r  [60]. h av ing  a nearly  4rr sr coverage, co n s is t in g  o f  drift  
ch am bers  to  d e te r m in e  th e  p a th s  o f  charged p artic les ,  g as  Cerenkov cou n ters  for e lec tron  
id entification , sc in t i l la t io n  counters  for m easu rem en t  o f  t im e-of-fl ight ( T O F ) .  an d  e lec tr o ­
m agn etic  ca lo r im ete rs  to  identify  showering  p a rt ic les  su ch  as e lec trons  and p h oton s .  T h e  
trigger is form ed u s in g  fast co inc idences  b etw een  th e  C eren kov  counters.  T O F  cou n ters  or 
e lec tr o m a g n et ic  ca lo r im eters .  T h e  integrated  ch arge  p a s s i n g  through  th e  target is m easu red  
by a Faraday cu p  lo c a te d  at the  end o f  the  b ea m  line.
T h e  s ix  sectors  b e tw e e n  the coils  are in d iv id u a lly  in s tru m e n ted  to form six  in d ep en d en t
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Figure 3-2: Three dimensional view of C’LAS (produced with GSIM). The electron calorimeter is 
shown in green. the red hoxes represent the T O F counters (SC) and the dark hlue boxes are the 
Cerenkov counters. The three layers of drift chambers (DC) are shaded in purple The target is 
located in the center of the detector, on the beam axis.
m a g n e tic  sp ec trom eters .  T h is  m akes a g o o d  basis  for th e  desired  h ig h - lu m iu o s ity  o p e r a t io n  
and  high  cou n t-ra te  capability .
T h e  coverage range o f  CL AS in the  lab ora tory  fram e is from 8 " to  140" for ch arged  
p artic les  am i from 8 " to  (it)" for neutral particles .  C'LAS can  d etec t  two or m ore  co in c i ­
d en ce  p art ic les  in the  final s ta te  w ith  a s ig n a l  to  background  ratio  o f  1 / 1 0 0 0  or b e t te r  at 
lu m in o s i t ie s  o f  up to  1 0 "  c m _~sec '.
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3.2.1 T o r o i d a l  M a g n e t
T h e  m a g n e tic  field o f  C L A S  is g en er a ted  by s ix  toroidal iron-free su p e r c o n d u c t in g  co i ls  [61] 
arranged  around  th e  b e a m  a x is  to  p ro d u ce  a circular field w ith  a m a x im u m  in ten s ity  o f  
a b o u t  2 T . T h e  g e o m e tr y  o f  th e  co i ls  (see  Fig. 3-3).  a b ou t  5 m  long a n d  2 .5  m w ide,  is 
o p t im iz e d  for e x p e r im e n ts  u s in g  f ixed  targe ts  and  e lec tron  b e a m s  w ith  e n e r g y  in th e  range  
o f  a few G e V .  Each s u p e r c o n d u c t in g  coil  has 80 turns o f  cab le  in c o n d u it  co n d u c to r ,  co o led  
w'ith liquid h elium  in a forced flow sc h e m e ,  en su r in g  the  m ost effec tive  heat rem oval. T h e y  
o p e r a te  at a current o f  10 k A . T h e  m a g n e t ic  field created  has th e  m a x im u m  value in the  
forward d irection  (2 T )  an d  d ro p s  by a factor o f  five at large an g les .  T h e  cen ter  region o f  




Figure 3-3: The CLAS superconducting toroidal magnet.
A m a g n e tic  field to  sw ee p  aw ay low energy  (background) e lec tr o n s  is g en era ted  by a
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sm a ll toroid al co il in serted  in to  th e  cav ity  o f th e large su p e r c o n d u c tin g  m agn et (M in itoru s  
in F ig . 3 -2). T h e Held cr ea ted  by th is  sh ield  is sm a ll co m p a red  to  th e  Held o f  th e m ain  
co ils , but th e M oller elec tron  b ack grou n d  e lim in a tio n  is ex ce llen t: n early  a factor o f  11)0 in  
back grou nd  rejection  in  th e  reg io n  en closed  by th e  Hrst d r ift ch am b ers layer (D C  R egion  I 
in F ig. 3-2).
3.2.2 D r i f t  C h a m b e r s
C harged  particles in C L A S  arc1 tracked  u sin g  m u lti-w ire  d r ift ch am b ers (D C ) [62]. T h e drift 
ch am b ers cover a g eo m etr ica l range* o f  8 " to 140" in p o lar an g le  an d  8 0 ‘X o f  th e  azim u th a l 
range*, and track p a rtic les  w ith  mome*nta above 0 .2  G e Y /c -  The* drift chambe*rs are* arrange'el 
in thre*e* re*gions (F ig . 3-2): D C  Re*giem 1 is locate*d close*st te> the* targe*t. w ith in  the* (ne*arly) 
tie*ld fret* re'gion inside* th e  T o ru s bore*, and is useel to  de*te>rmine* the* in itia l direetiem  o f  
charge*d p article tracks. D C  Re*gion 2 [97] is locate'd be*twe*e*n the* T orus co ils , in the* re*gion 
o f  s tro n g  toroid al m a g n etic  fie ld , an d  is use*d to o b ta in  a se*cond me>;isurome'nt »>f the* particle* 
track at a point whe*re> the* curvature* is m axim al, in orde*r to  achie*ve* goeul e*ne*rgy re*solution. 
D C  Re'gion 3 is lo ca ted  o u ts id e  the* co ils , again in a re'gion w ith  low m a g n etic  field, an d  
me'iisure's the* final d irectiem  o f  charge'el particle's he*aele*d tow ard s the* oute*r Tim e*-of-Flight 
cou n ters. Cere*nkov ceninteT.s a n d  e*le*ctre)inagne*tic cale)rime*te*rs.
Each re'gion c o n s is ts  o f  s ix  se*parate* se*e-tors. one* for each  o f  the* s ix  se*etors o f  the* C L A S. 
Each re'gion w ith in  a g iven  se*ctor co n ta in s  one* ;ixial su p er la y er  w ith  up  to  1200 se*nse* wire*s 
in s ix  laye*rs (4 laye*rs in th e  c;use o f  D C  Re'gion 1) an d  o n e  stere*o su p erlayer  w ith  sense* 
wire's in  six  laye*rs at an  angle* o f  6 " w ith  respe*ct to  the* a x ia l wire's. T h is  se*tup a llow s  
th e  me'asure'ment o f  b o th  p o la r  angle* 0  and a z im u th a l a n g le  Q o f  th e  track. Tin* wire's 
are* arranges! in to  a he*xagonal patte*rn. w ith  e w h  se*nse wire* surrounde'd by s ix  shares! field
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Figure 3-4: Superlayers in Region 3 of the drift cham bers. Each hexagon represents a drift cell, with 
sense wires at the center o f the hexagon and field wires at the vertices. A track is produced here by 
signals from the shaded cells.
w ires (F ig . 3 -4 ). T h e  h ex a g o n a l con figu ra tion  h;is b een  ch osen  os a g o o d  ap p rox im ation  o f  
th e  ideal c ircu lar cell in w hich  th e d r if t / t im e  re la tio n  is in d ep en d en t o f  the en tran ce an g le . 
E ach su p erlayer is su rrou n d ed  w ith  a row o f  gu ard  w ires to  m in im ize  ed ge effects.
T h e  gas filling  th e  d rift ch am bers is a m ix tu r e  o f  9 /1 0  A r and 1 /1 0  C’O j. w hich g ives  a 
d rift v e lo c ity  o f  up to  0 .04  m /p s  and an o p e r a tin g  vo ltage p la tea u  o f  several hundred vo lts. 
Tht* average layer e ffic ien cy  is greater th an  9 8 '/ i .
T h e  h its  w ith in  ea ch  su perlayer are co m b in e d  to  form  a track segm en t. T h en  th e  ol>- 
ta in ed  se g m e n ts  from  different su perlayers are linked  to g eth er  to  form  a  track. T h is  g ives a 
m o m en tu m  w ith in  5 /{  error o f  the tru e va lu e. In a secon d  sta g e , th e  sta rt tim e sig n a l from  
th e  sc in tilla to r  co u n ters is used to ob ta in  th e  drift t im e  w h ich  is con verted  into d is ta n c e  
from  th e  cen ter  o f  th e  ce ll. T h e reso lu tion  o b ta in e d  u sin g  t im e  in form ation  is b etter  th an
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0.4%.
T h e  D C  d rift  t im e reso lu tion  is o n ly  1 us w h ile  p r o to n /p io n  d i.scrin iination  for m o m e n ta  
up to  2 .5  G e Y /e  requires a  300 ps reso lu tio n . T h is  is o b ta in ed  by co m b in in g  th e  d rift 
ch am b er a n d  tim e-of-H ight in form ation , w ill be d esc r ib ed  in th e  next su b sectio n .
3.2.3 S c i n t i l l a t i o n  C o u n t e r s
P artic le  id en tific a t io n  and  triggering*’ are d on e by a T im e -O f-F lig h t (T O F ) sy s te m  [63]. 
co n s is tin g  o f  a layer o f  sc in tilla to r  cou n ters ju st o u ts id e  th e  tracking sy stem . T h e  s c in t i l la ­
tors are p o s it io n e d  o u ts id e  th e  D C  R eg ion  3 an d  C eren k ovs to  reduct' m u ltip le  sc a tte r in g  
and p r o d u c tio n  o f  k nockou t e lec tron s (st>e Fig. 3 -2 ). E ach sc in tilla to r  p ad d le  is p la ced  p e r ­
p en d icu la r  to  th e  b eam  d irectio n , so  th a t each  co u n te r  su b te n d s  a p p ro x im a te ly  2 " o f  th e  
sc a tter in g  a n g le . T h e  sc in tilla to rs  are p aralle l to  th e  ax ia l drift ch am b er w ires an d  sp a n  th e  
az im u th a l a n g u la r  range o f  each  sector.
T h ere  a re  a to ta l o f  57 sc in tilla to rs per secto r , each  w ith  P M T s at b o th  en d s. T h e  hist 
18. co v er in g  th e  backw ard a n g les, are p aired  in to  9 log ica l cou n ters, so th a t th e re su ltin g  
sy stem  h as 4 8  log ica l cou n ters (o ften  referred to  a s  ’p ad d les') per sector. T h e le n g th s  o f  
th e  c o u n te r s  vary from  445 cm  in th e  cen ter  reg ion , to  32 cm  at th e  forward and b ack w ard  
ed ges. T h e  first 23 p ad d les (r .h .s. in F’ ig. 3-5) a n d  th e  hist four p ad d les are 15 cm  w id e  
w h ile  th e  rest o f  th em  are 22 cm  w ide. T h e  sc in t illa t io n  d etec to r  su b sy s te m  su m s a to ta l  
area o f  a b o u t  206 nr’.
T h e  m a x im u m  co u n tin g  rate in th e  sc in t illa to r s  o ccu rs  in th e  forw ard d irectio n . A t a 
lu m in o sity  o f  1 O'*1 c n f ' V 1. the h adronie ra te p er  sc in t illa to r  at 0 =  1 0 " is 5 kHz. T h is  ra te  
is o n ly  0 .5  k H z at 0  =  90". At sm all a n g les , b e tte r  t im in g  reso lu tion  is n a tu ra lly  a ch ie v ed
‘ excep t  for e le c t ro n s
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Figure 3-j: The four panels of scintillators that equip one sector. The dimensions and the readout 
configuration differ from one scintillator to another.
d u e  to  the sm aller  p ad d le  le n g th  an d  b etter  velocity  reso lu tio n  is 1 * C .. 1 1 : ‘ to  the longer  
d ista n c e  from  th e  target to  th e  sc in tilla to r  array. T h e  average tinn* reso lu tio n  for e lectron s  
is Kid ps [fid]. W hen  co m b in ed  w ith  m agn etic  a n a ly sis , th is  a llo w s g o o d  sep ara tion  o f  the  
p artic les in th e  final s ta te , th o u g h  th is  is som ew h at lim ited  by th e  track and m om entum  
recon stru ctio ti an d  th e  p a d d le -to -p a d d le  ca libration*.
T h e T im e -()f-F lig h t  sy s te m  o f  C L A S  w;is d esign ed , b u ilt an d  te s te d  at th e  U n iversity  o f  
N ew  H am pshire. It w as c o n str u c te d  over five years an d  d e liv ered  to  tlit* hall in dune 19%.
3 . 2 . 4  C e r e n k o v  C o u n t e r s
T h e  C erenkov co u n ters [ti4j are  u sed  to  id en tify  e lec tro n s an d  se p a r a te  th em  from  p ious and
o th e r  charged  p artic les . In e le c tr o n  sca tter in g  ex p er im en ts , th e  p rim ary  ch arged  particle
b ackground  is d u e  to  n eg a tiv e  p io u s. For m easu rem en ts o f  in c lu siv e  cross sec tio n s , th e  
's ec  section 4 . 1 7
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ratio  o f  th e  p io u s m isid en tiH ed  as e lec tro n s to  th e  tru e e lec tro n s m ust l>e b elow  0 .01 . T h e  
gas C erenkov co u n te rs  en su re  a typ ica l rejection  pow er o f  1 0 0 : 1 . w h ich  is su ffic ien t w hen
•v . / . v , -  <  I-
P iou s m ay he m isid en tiH ed  w hen  th ey  p rod u ce knockon e lec tr o n s  w ith  v e lo c ity  greater  
th an  the C eren k ov  th r esh o ld . T h ese  are p rod u ced  in th e  C \ F \ o  rad ia tor  gas. in th e  en tran ce  
w indow  or in th e  m a te r ia l o f  th e  last haver o f  th e  D C . F ortun ately , th e  effic ien cy  o f  d e tec tin g  
th ese  e lec tro n s is low er th a n  th a t for th e  prim ary p artic les b eca u se  a large fraction  o f  th em  
is p rod uced  at u n fa v o ra b le  an g les .
D ue to  th e  sy m m e tr y  o f  th e  toro id al rnagm 't. th e  a z im u th a l a n g le  o f  th e  sca ttered  
p artic les rem ain s a lm o st  u n ch an ged  after th ey  p;iss th rou gh  the m a g n e tic  Held. T h en  then* 
is a h igh co rre la tio n  b etw een  th e  an g le  o f  th e  p artic les and their p o s it io n  in th e d etec to r . T h e  
d etec to rs co n sis t o f  a th ree-m irror sy stem  th at focu ses th e  light from  p a rtic les  w ith  different 
azim u th a l an g les to  a p o in t near th e  co il, w here a p h o to m u ltip lier  w ith  se n s it iv ity  to  sin g le  
photoeltH-trons is s itu a te d . T h e  d etec to rs  o f  each  sector (see F ig. 3 -6 -a ) are d iv id ed  in to  
tw o h alves, each  h a lf  co n ta in in g  IS o p tica l m o d u les  an d  su b ten d in g  a A o  =  25" azim u th a l 
an g le  and a p p r o x im a te ly  15" in ft. T h us, th ere are 12 u n its  arou n d  th e  b eam  a x is  for each 8  
in terval, up to  -15". T h e  c o m p o n e n ts  o f  th e  C erenkov cou n ters are m ou n ted  on a triangular-  
sh ap ed  a lu m in u m  fram e a n d  p ro tected  w ith  a 0 .08  m m  T edlar P Y F  film  san d w ich ed  around  
a sluH't o f  m vlar.
T h e effic ien cy  o f  th e  C eren kov cou n ters is b e tte r  th a n  98(T in th e  fid u cia l region  [64. 81].
3.2.5 E l e c t r o m a g n e t i c  S h o w e r  C a l o r i m e t e r s
In order to  a ch iev e  a c c e p ta b le  e/rr d iscr im in a tio n  an d  to  d etec t p h o to n s  an d  o th er  n eu tra l 
p artic les. C L A S  is e q u ip p e d  w ith  an e lec tr o m a g n etic  show er ca lo r im eter  (E C ) th a t covers
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Figure 3-6: Cerenkov counters system : (a) Each sector is equipped with 36 optical m odules (1>) 
Simplified ray traring schem e in a CC module: Cerenkov light from electrons is reflected tw ice from 
the mirrors into the W inston cone, which focuses the light into the photom ultiplier IPM T ).
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p olar an g les from  8°  to  45" in all secto rs. For tw o  o f  th e  sectors, th e coverage is ex te n d e d  
up to  60° w ith  th e  large an gle ca lo r im eters  (L A C ).
T h e  im p o rta n ce  o f  ca lorim eters [65] in th e  d e te c tio n  sy stem , as sa id  b efore , is in  p a r ti­
c le  id en tifica tion . In e lec tro n  sc a tter in g , th e  in fo rm a tio n  provid ed  by th e  ca lo r im ete rs , in 
co n ju n ctio n  w ith  th e  in form ation  from  th e  C C . is u sed  for p ion  and e lec tro n  id en tific a tio n  
(at E,, >  0 .5  G e V ). T h e  e lec tro m a g n etic  ca lo r im eters  are a lso  used  to  reco n stru ct am i 
i] by id en tify in g  th e ir 2y  decay p ro d u cts  (for E-, >  0 .2  GeV’) an d  for n eu tron  id en tific a tio n  
an d  d iscr im in a tio n  b etw een  p h oton s an d  n eu tron s.
T h e  ca lor im eters fea tu re a lea d -sc in tilla to r  sa n d w ich  d esign  co n sis tin g  o f  a lte r n a tin g  
layers o f  sc in tilla to r  str ip s  and lead  sh ee ts , w ith  a to ta l th ick n ess o f  16 ra d ia tio n  le n g th s . A 
le a d /sc in tilla to r  ra tio  o f  0.21 is u sed , requ iring 49 cm  o f  sc in tilla to r  and 8 .4  cm  o f  lead  per  
m od u le. W ith  th is  ra tio , a p p ro x im a te ly  1 /4  o f  th e  en ergy  in an  e lec tr o m a g n etic  sh ow er is 
d ep o sited  in th e  sc in tilla to r .
T h e  lea d -sc in tilla to r  san d w ich  for th e  forward ca lo r im eters has a tr ian gu lar sh a p e  an d  is 
co m p o sed  o f  49 layers o f  13C412 sc in tilla to r  10 m m  th ick  w ith  2.2 m m  Pb sh e e ts  in b etw een . 
Each layer is co m p o sed  o f  46 sc in tilla to r  str ip s p ara lle l w ith  on e sid e  o f  th e  tr ia n g le  (s«*e 
F ig . 4 -7 -a ). th e  o r ien ta tio n  o f  th e str ip s ch an g in g  by 120" b etw een  two ad jacen t layers. T h e  
th ree o r ien ta tio n s, lab eled  U. V'. VV. p rov id e ster eo  in form ation  on th e  h it p o s it io n . E ach  
o f  th e  U. V. VV o r ien ta tio n s , co n ta in in g  14 layers, is su b d iv id ed  into an in ner an d  an  o u te r  
stack , con ta in in g  5 an d  8  layers resp ective ly . T h is  a llo w s an im proved h adron  id en tifica tio n  
by lon g itu d in a l sa m p lin g  o f  the show er. T h ere are 1296 p h o to m u ltip lier s  (P M T ) a n d  8424  
sc in tilla to r  str ip s in  th e  forward e lec tr o m a g n etic  ca lo r im eters su b sy stem .
T h e  tw o large a n g le  ca lorim eters (L A C ) th a t eq u ip  secto rs 1 and 2 (see  F ig .4 -2) have a 
different d esign . E ach p yram id al trunk  sh a p e  LA C  m o d u le  co n sis ts  o f  44 layers, each  eom -
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Figure 3-7: Forward electrom agnetic calorimeters : (a) exploded view o f one of the m odules and 
(b) scheme of the EC light readout system  where we denoted FO BI.V fiber optic bundle inner. 
F O B O l’T-hber optic bundle outer. IP-com posite inner plate.
p osed  o f  a 0 .20  cm  th ick  lead foil an d  NE1 IDA p la stic  s c in t illa to r  bars w ith  an  average w id th  
o f  1 0  cm  an d  l .o  cm  th ick . T h e  m od u le  th ick n ess co r re sp o n d s to  12.9 rad ia tion  len gth s. 
T eflon  sh ee ts  o f  0 .2  m m  th ick n ess are in serted  b etw een  th e  lead  fo ils an d  sc in tilla to r s  w hile  
0.2  m m  thick  T eflon  str ip s se p a r a te  each  pair o f  c o n tig u o u s  s c in t illa to r s  bars in  order to  
avoid  o p tic a l crossover. Each layer is ro ta ted  by 90" to  form  a -10x2-1 m atr ix  o f  1 0 x 1 0  
e n r  ce lls . Each L A C  m o d u le  is v er tica lly  d iv id ed  in an  in n er an d  a n  o u te r  part to  im prove  
e le c tr o n /p io n  d iscr im in a tio n .
T h e  tech n ica l p a ra m eters  o f  th e  C L A S  C erenkov co u n te rs  d e te c to r  su b sy s te m  are su m ­
m arized  below:
1. Fast (less th a n  100 ns) to ta l en ergy  su m  for trigger
2 . c / 7  en ergy  re so lu tio n  cty j E  <  0 . 1 / ^ E f G e Y )
3. P o sitio n  r e so lu tio n  fir ~  2 cm  at 1 G eV
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4. x / r  re jection  grea ter  than  99% at en erg ies g rea ter  than  1 G eV
5. M ass re so lu tio n  for tw o-p h oton  decays d m / m  <  0 .5  G eV
6 . N eu tro n  d e te c tio n  efficien cy  greater th an  50% for E n >  0 .5  G eV
7. T im e-o f-flig h t re so lu tio n  around 0.4 ns
3 . 3  P o l a r i z e d  E l e c t r o n  S o u r c e
T h e  p o larized  e lec tr o n  sou rce at C E B A F  is an o p tic a lly  p u m p ed  stra in ed  G aA s cry sta l. In 
th is  d ev ice , a 780n m  laser is used to  project c ircu la r ly  p o larized  ligh t o n to  th e  crysta l. T h e  
laser is p u lsed  to  th e  accelera tor frequency o f  0 .5  G H z and th e  h u n eh -len g th  is 50 ps. Left 
an d  right c ircu lar  p o la r iza tio n  o f  the laser h eam  are o b ta in ed  w ith  a P ockels C ell (P C ) by 
a p p ly in g  th e  v o lta g e  corresp on d in g  to the q u arter  w ave retard ation .
To e lim in a te  p o ss ib le  bi;is. th e h elic itv  w;is f lip p ed  at a 40 Hz frequ en cy and w;is p h ase  
locked  to  th e  60 Hz A C  cyc le . H elicitv  p u lses are a sso c ia ted  in pairs o f  o p p o s ite  h elic itv . 
T h e  lead in g  p u lse  h e lic itv  is ch osen  by a 24-b it p seu d o -ra n d o m  n u m b er gen erator w hich  a lso  
se n d s a s ig n a l to  th e  D A Q  to  be recorded in th e  d a ta  file. D ue to  sp ec ia l d em an d s im p osed  
by th e  H A P P E N  [105] ex p er im en t that w as ru n n in g  in p ara lle l in H all A. th is  h e lic itv  sign a l  
w as d elayed  by 8  pa irs an d  therefor*' th e true h e lic itv  had to  b e d eterm in ed  afterw ard s in 
th e  d a ta  a n a ly s is  (a p p e n d ix  C ).
A n o th er  p rec a u tio n  th a t was taken was to  in sert p er io d ic a lly  in  the laser b eam  a h a lf­
w ave p la te , w h ich  reverses h e lic ities  and thu s p ro v id es a usefu l sy s te m a tic  check. T h e  h a lf  
wav*' p la te  p o s it io n  w as saved  in the E P IC S  d atabase' an d  is lis te d  in a p p e n d ix  C.
B eam  p o la r iz a tio n  in H all B is m easured  w ith  a  M oller p o la r im eter . In th is  d ev ice , th e  
p o la r iz a tio n  is d eter m in ed  from  tlit' a sy m m etry  o f  th e  co u n tin g  ra tes  w h en  th e h e lic itv  o f  
tht' b eam  is reversed . A b o u t 20 m in u tes o f  m easu rem en t tim e or 4 M ev en ts  art' n eed ed  to
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take d a ta  w ith  a s ta t is t ic a l  error b elow  V'A.
T h e  o n lin e  a n a ly s is  re su lts  o f  th e  p o la r iz a tio n  m ea su rem en ts  w ere saved  in th e  ru n tim e  
logb ook  [106. 107], and are p resen ted  in figure 3-8 . A d eta ile d  a n a ly s is  o f  th is  d a ta  is 
p resen ted  in a p p e n d ix  C. For th e p u rp o se  o f  th is  a n a ly s is , th e  b eam  p o la r iz a tio n  va lu e  u sed  
is P /j =  (6 3 ± 2 ± 3 )%  as w ill b e  d eta iled  in th e  n ex t ch a p ter .
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Figure 3-8: The electron beam polarization during the E2A run period as obtained from online 
analysis of the MoIIer measurements. The dotted line corresponds to the mean value.
3 . 4  T a r g e t s
O f th e  four ta rg e ts  em p lo y ed  by th e  E 2A  run. th is  th e s is  p resen ts resu lts o b ta in e d  w ith  'H e  
an d  1JC. T h ese  tw o  ta rg e ts  differ from  each  o th e r  by s ta te  o f  a ggregation , g e o m e tr y  an d  by 
th e ir  p o sitio n  a lo n g  th e  b ea m lin e . A b lu ep rin t o f  tin' C L A S  target sy ste m  is p resen ted  in  
figure D .2 in th e  a p p e n d ice s .
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Figure 3-9: Targets for the E2A run: liquid 'He filled areas are drawn in blue. The small black 
square on the right is the solid ‘‘ C’ target. The beam line coincides with the sym m etry axis of the 
cylinder and the beam com es from the right. The 'He circulation system  is not shown.
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T arget cell #  1 #  2 #  3
T im e  p eriod A pr 15 - M ay 7 M ay 8  - M ay 12 M ay 12 - M ay 15
C on ten ts 4 He 'H e 'H e
C ell len gth  (cm ) 4.99 3.72 4.13
C ell d iam eter  (cm ) 0 .97 2 .77 2 .77
P o sitio n  re la tive to  
th e  center o f  C L A S -0 .1  cm -0 .625  cm -0 .6 3 5  cm
M ateria ls used P o lystyren e  
( p  =  0 .03  g / e m ’ ) 
M vlar M vlar M vlar
( p  =  1.39 g / e m ’ ) 
A lu m in u m  A1 A 1 A 1
(p  =  2 .7  g / c m ’ )
Table 3.1: Liquid target cull parameters (courtesy of N. Dashyan [GGj and R. N iya/ov [69]).
T h e  liquid  heliu m  is co n ta in e d  in a  target ce ll m a in ta in ed  at a low tem p era tu re  by a 
cryogen ic  sy stem . Tht* target cell, sh ow n  in figure 3-9. is a c y lin d er  Hat at on e end  and  
slig h t ly  rounded  at th e  o th e r , m ou n ted  on a tru n k -con ica l luuse a n d  covered  w ith  in su la tion . 
T h e  litjuid helium  is c irc u la ted  th rou gh  a sy stem  o f  p ip es, as can  he seen  in figure D .2. 
T h ree  different ce lls  u sed  d u r in g  th e  E 2A  run p eriod  are lis ted  in ta b le  3 .1 . T h e cells differ 
from  each  other by th e  d im e n s io n s  o f  so m e co m p o n en ts , by th e  th ick n ess o f  th e in su la tion  
as w ell as by p o sitio n  a lo n g  th e  b eam lin e.
T h e  so lid  1JC' target is a th in  sq uare p la te  o f  9 x 9  m m  a n d  a b o u t 1 m m  th ick . T h e so lid  
target is in serted  in to  th e  b ea m lin e  by th e  action  o f  a lever (sec* F ig . D .2 ).
3 . 5  T r i g g e r  a n d  D a t a  A c q u i s i t i o n
T h e  triggerin g  sy stem  is d es ig n ed  to  se lect ev en ts  o f  in terest an d  reject b ackground  pro­
cesses . an d  m ust b e effec tiv e  a t th e  run p aram eters o f  C L A S . th a t is at a lu m in o sity  o f  10"
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c i n - “s - 1 . co rresp o n d in g  to  a hadron ic in te ra c tio n  ra te  o f  a p p ro x im a te ly  1 0 *’ s _ 1 .
T h e  L E V E L  1 trigger e s ta b lish es  th e  t im e  b a ses  for d ig it iz a tio n . It u ses th e  h it p a tter n  in 
sc in t illa to r  (S C ) an d  C erenkov (C C ) layers a n d  th e  en erg y  d ep o s ite d  in th e  e le c tr o m a g n e tic  
ca lo r im ete rs . T h e  a n a log  s ig n a ls  from  tin 1 E C  are su m m e d  to g eth er  w ith in  su b r eg io n s  an d  
e a c h  o f  th e se  su m s is th en  com p ared  a ga in st a  th r e sh o ld  value set w ith in  the h ard w are. T h e  
LEV EL 1 trigger is p rogram m ed  by sp e c ify in g  w h ic h  h its  and su m s over th e  th resh o ld  from  
ea c h  secto r  m ust be in co in cid en ce.
D u rin g  our d a ta  tak in g  th e  trigger sch em e w as a s  follows:
•  For 1.1 an d  2 .2  G eV  runs: EC an d  C C  h its  in  th e  sam e sector an d  E C  > .400 M eV  
e lec tro n  eq u iva len t
•  For 4 .4  G eV  b eam  energy: EC hit but E C  >  1 G eV  elec tron  eq u iv a len t. T h e  h igh er  
th resh o ld  w as set to  avoid  so lid  a n g le  lo sses  b y  th e  C C  at th is  b eam  energy.
T h e  average event size  for th e  C L A S  is 5 k b y tes , a n d  th e  even t ra te was up to  2 .2  kH z. T h e  
e v e n ts  are w r itten  to  ta p e  at ab ou t th e  sa m e  ra te  ( in  th e  w orst case  at 80 (X o f  th is  ra te ).
F ig u re  3 - it) s i tows th e  C L A S  trigger sc h e m e  for th e  E 2A  run. S in ce  th e  p h y sic s  co v e re d  
by E 2A  w as rather varied, th e  on ly  co n stra in t o n  th e  recorded  ev en ts  w as th a t th e y  co n ta in  
an  e lec tr o n , w hich  m ean s th a t o n ly  Level 1 tr ig g e r  w as u sed . In th is case, th e  d a ta  How 
is  a s  follow s: T h e  s ig n a ls  from  th e  d e tec to r  go  to  th e  front en d  co n tro llers (R O C ) a n d  th e  
p retr iggers. T h e  p retriggers in it ia te  th e  read ou t from  th e  p articu lar  d e te c to r  su b sy s te m  
a n d  are a lso  in p u ted  in to  th e  Level 1 tr igger. I f  th e r e  is a trigger, th en  th e  d a ta  s ig n a ls  
are read ou t an d  transferred  to  th e  E vent B u ild e r  (E B ) p rocess ru n n in g  on  c ion  10 an d  
tem p o r a r ily  stored  on the D a ta  D is tr ib u tio n  (D D )  ring in a sh ared  m em ory  area. From  
h ere , an event recorder (E R ) p rocess w rite s  th e  d a ta  to  th e  R A ID  (R ed u n d a n t A rray o f
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In ex p en siv e  D isk s). L ater o n . th e  d a ta  is tran sferred  to  th e  ta p e  s ilo  for p erm a n en t storage.
In th e  a n a ly s is  ch a p ter , we w ill d iscu ss  th e  c o n n ec tio n  b etw een  th is  tr igger sch em e and  
e lec tr o n  id en tifica tio n .















L I  Lev e l-1 Trigger DD(ddi:Dala D istnbuion
TS: Trigger Supervisor IPC InterProcess Control
ROC: 17 Rcad-Out-Contiollcrs MON: Monitor and user software
EB: Event Buildrr CED: Event Display
Fistin' 3-10: CLAS D ata Acquisition Scheme for E2A: Tht' signals from tht' detector go to the front 
end controllers (ROC) and the pretriggers. The pretriggers initiate the readout from the particular 
detector subsystem  and are also inputed into the Level 1 trigger. If there is a trigger, then the data  
signals are read out and transferred to the Event Builder (EB) process and tem porarily stored on 
the D ata D istribution (D D ) ring. From here, an event recorder (ER) process w rites the data to the 
RAID. The data is later transferred to the tape SILO for permanent storage, (diagram  courtesy of 
K. Loukachine).
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CHAPTER 4
C a l i b r a t i o n s  a n d  A n a l y s i s
T h e  sc o p e  o f  exp er im en t E 98-104  is th e  m easu rem en t o f  th e  h e lic itv  a sy m m e tr y  o f  th e  sem i-  
e x c lu s iv e  e lec tr o n  sca tter in g  cross se c tio n  on  severa l target n uclei. E 9 8 -1 0 4  is o n e  o f  th e  
se v en  e x p e r im e n ts  com p risin g  th e  C’L A S E2 grou p .
T h e  E 2A  d a ta  wen' taken b etw e en  A pril I5 rh a n d  M ay 27 t h . 1999. T h is  run  p erio d  u sed  
a b o u t h a lf  o f  th e  to ta l E2 ap p roved  ru n tim e, su m m in g  34 d ays, for a to ta l o f  456  h ou rs o f  
a c t iv e  d a ta  a ccu m u la tio n . A se co n d  run p erio d  took  p lace in M av- Iu n e 2002 .
D u rin g  E 2A . d a ta  on 'H e. 4 H e. U C and  ,f’Fe ta rg ets  at th ree b ea m  en erg ies: 1 .162. 
2 .2 6 2  an d  4 .4 6 2  G eV  (referred to  as l . l .  2 .2  an d  4 .4  G eV ) w as taken . D a ta  w ere a cq u ired  
w ith  th e  C L A S  "single e lec tron  trigger" . A to ta l o f  2300  M p h y sic s  tr iggers from  c . l  
in te r a c tio n s  w ere recorded on  ta p e . T h e  average (n u cleon ) lu m in o sity  d u r in g  th e  run w as  
C  =  7 x l o "  s c c ~  lnri  At low  en erg ie s , th e  lu m in o sity  w as lim ited  by th e  C L A S  D A Q . 
a t h igh  en erg ie s  th e lim ita tio n  c o m e  from  th e  h igh  o ccu p a n cy  o f  th e  C L A S  R eg ion  1 D C .
T h is  th e s is  covers the *He an d  1JC m ea su rem en ts at 2 .2  an d  4 .4  G eV  b ea m  en erg ies . T h e  
d a ta  a cc u m u la te d  w ith  th e  IJC  target am ou n t to  756M  triggers (3 .0  T b  o f  d a ta ) , d iv id e d  in 
323M  triggers (1 .6  T b ) at 2 .2 G eV  an d  346M  triggers (1 .2  T b ) at 4.4 G eV  (a lso  four d a y s  
o f  1.1 G eV  y ie ld in g  87M  triggers (2 3 0  G b ) w ere ta k en ). L iqu id  target !H e d a ta  a m o u n t to  
752M  triggers (2 .8  T b  o f  d a ta ), d iv id e d  ;is follow s: 310M  triggers (1 .2  T b )  at 2 .2  G eV  a n d
57
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442M  triggers (1 .6  T b ) a t 4 .4  G eV . A d d itio n a l em p ty  target ca lib ra tio n  d a ta  were taken  
for each  b eam  energy.
W e have d escr ib ed  th e  How o f  th e  d a ta  at th e  en d  o f  se c tio n  3 .5 . T h ere  w e saw  th a t th e  
raw  d a ta  from  th e  d e tec to r  is saved  in B O S  [67] form at on  th e  ta p e  s ilo  (see  figure 3-10) for 
p erm a n en t sto ra g e . From  th is  p o in t, th e  off-lin e p ro cessin g  starts.
P ro c ess in g  th e  d a ta , or C O O K IN G , in volves tak in g  a file o f  B O S  b an k s p rod u ced  by 
th e  o n -lin e  d a ta  a cq u is it io n  sy s te m  (R A W  file) and p ro d u cin g  a file co n ta in in g  h igher level 
in fo rm a tio n , su ch  as fo u r-v ecto rs [6 8 ]. T h is  jo b  is perform ed  by a  p rogram  ca lled  REC'SIS  
(R E C o n str u c t io n  and a n a ly S IS  p ack age), w hich  is th e en g in e  for th e  reco n stru ctio n  sch em e. 
R E C S IS  reads an  in pu t file o f  raw  B O S  b anks, o b ta in s  th e  n ecessary  c a lib r a tio n  co n sta n ts  
to  p rop erly  a n a ly ze  th e se  b an k s an d  p ro d u ces a B O S file co n ta in in g  variou s reco n stru ctio n  
b a n k s, referred to  as a C O O K E D  file. T h e  o u tp u t from  R E C SIS  is th en  used  as in pu t for 
variou s m o n ito r in g  and ca lib r a t io n s  program s.
C a lib ra tio n  p rogram s g en era lly  read a RAW  or C O O K E D  d a ta  file o f  B O S  b ank s and  
p ro d u ce  som e ca lib ra tio n  co n sta n ts  ty p ic a lly  in A SC II tex t form at. T h e  user m ust th en  
p la ce  th ese  ca lib ra tio n  c o n s ta n ts  in to  th e  p rop er m ap. M on itorin g  p rogram s p rod u ce  A S C II  
re p o r ts  an d  h isto g ra m s w h ich  can  be arch ived  in th e  o ff-lin e  d a ta b a ses.
T h ere  are tw o  im p o rta n t d a ta b a ses  for off-line p rocessin g , th e M ap -m an ager d a ta b a se  
an d  th e  o ff-lin e  d a ta b a se . Tin* M ap -m an ager  d a ta b a se  (o ften  referred to  as th e  ca lib ra tio n  
d a ta b a se )  s to re s  c a lib r a tio n  c o n s ta n ts  u sed  by th e recon stru ction  an d  a n a ly s is  co d es w h ile  
th e  o ff-lin e  d a ta b a se  s to re s  m o n ito r in g  in form ation  in a con ven ien t form  for a sse ss in g  th e  
q u a lity  o f  th e  cook ed  d a ta .
T h e se  C O O K IN G /C 'A L IB R A T IO N  seq u en ces w ere rep ea ted  severa l t im e s  (referred to  
;is p a sses) , s in ce  th e ca lib r a tio n  o f  so m e  d etec to r  su b sy s te m s requires p rev io u s ca lib ra tio n
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Figure 4-1: Snapshot of a C’LAS Event Display (CED) scn'en to illustrate REC’SIS track recon­
struction. The display shows a cross-section through two diatnetrally opposite sectors of C’LAS. 
The inbending track is the electron that gives the trigger. T he otithending track corresponds to a 
positive particle.
o f  o th ers.
A fter  th e  ca lib r a tio n  o f  all su b sy s te m s w as d on e, th e  B O S  tiles were cook ed  for th e  bust 
tim e , in w h at we ca ll th e  p rod u ction  p a s s l .  In th is  p ro ce ss , o n ly  the sp ec ific  B O S -b an k s  
th a t are relevant for th e  p h ysics a n a ly ses  o f  th e  M u ltih a d ro n  G roup  w ere se lec ted .
T h e n  each  in d iv id u a l an a ly sis  group  d id  an a d d it io n a l f ilter in g  o f  th e  d a ta , w hich  w as  
p u t in  e ith er  n t u p le lO  or rootD S T  form at. T h ese  tw o fo rm a ts  are co m p a ct an d  co n ta in  o n ly  
th e  e s sen tia l p h y sic s  in form ation . T h e  cook ed  d a ta  w as sto red  back on  th e  SIL O . In our  
ca se , w e a lso  had th e  p o ss ib ility  to  d ow n load  all  th e r o o tD S T  d a ta  o n to  th e  loca l ra id -d isk
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at U N H -N T G .
T o m ea su re  b ea m  h e lic ity  a sym m etr ies , w e d e v e lo p e d  ou r ow n softw are based  on  th e  
E 2 A n a T o o l [98. 99] p ack age. O n e cod e scan s th ro u g h  th e  ev en ts  in th e  R oot event tree, 
se le c ts  th e  (e . r 'p)  e v e n ts  b ased  on certa in  cr iter ia , an d  saves th em  in a sk im  file. T h is  takes  
severa l h ours. T h e n  in o n ly  a few m in u tes, a seco n d  co d e  parses th is  sk im m ed  d a ta  file, 
se le c ts  th e  d es ired  k in e m a tic s  and o u tp u ts  th e  resu lts  in  various form ats: grap h ic, tex t file 
etc .
T h e  c a lib r a tio n , d a ta  red u ction  and som e a n a ly s is  so ftw are  w ritin g  w ere sh ared  bv the  
en tire  M u ltih a d ro n  G ro u p , w h ile  th e  sp ec ific  p h y sic s  a n a ly se s  were doin' sep ara te ly  w ith in  
th e  in d iv id u a l grou p s a sso c ia te d  w ith  the ex p er im en t.
S in ce in  th e  T im e -o f-F lig h t  ca lib ration  we w ere d ir e c t ly  in vo lved , th e  fo llow ing sectio n  
p rov id es a  r e la tiv e ly  d e ta ile d  d escr ip tion  o f  th is  p roced u re . S h orter  p roced u re d escr ip tion  
are p rov id ed  for th e  D C  [69] and EC [70] c a lib r a tio n s  w h ile  for th e  ca lib ra tio n  o f  the  
C erenkov co u n te rs , th e  reader is d irectly  p o in ted  tow ard s references [71. 100].
DETECTOR CALIBRATION
4.1 TOF C a l i b r a t i o n
T h e  sc in t illa to r  co u n te r s  are essen tia l for ch arged  h ad ron  id en tifica tio n  w ith o u t w hich  th e  
s tu d y  o f  c o m p lex  fin a l s ta te s  com p osed  o f  p ro ton s, p io u s , e tc .. w ould  not be p ossib le . T h e  
q u a lity  o f  p a rtic le  id en tific a tio n  in C L A S therefore d e p e n d s  p rim arily  on  th e  precise tu n in g  
o f  th e  T im e -o f-F lig h t co m p o n e n ts . As bu ilders o f  th e  T O F . th e  U N H -N P G  group  had the  
task  o f  ca lib r a tin g  th e  T im e -o f-F lig h t sy stem .
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C A L IB R A T IO N  S T E P
' '
R E Q U IR E S
1 P ed esta ls d ed ica ted  d a ta
2 T D C  ca lib ra tio n d ed ica ted  d a ta
3 T im e-w a lk  correction laser d a ta
4 L eft-righ t a lign m en t raw d ata
5 E n ergy  loss L-R tim e a lign m en t at S C  B O S -b a n k  level
6  A tten u a tio n  len g th L-R  tim e a lign m en t at S C  B O S -b a n k  level
7 E ffec tive  v e lo c ity a ll o f  th e  a b o v e  an d  g o o d  T o m '-B a se d  T racking
8  R F  p aram eters a ll o f  th e  ab ove
9 P a d d le -to -p a d d le  d e la y s a ll o f  th e  ab ove
10 R F offsets all o f  th e  ab ove
Table 4.1: The TOF calibration sequence [72]. Good Tim e-Based Tracking (T B T ) for the steps 7 
and up necessitates previous DC’ calibration [69].
T h e ca lib ra tio n  p roced u re [6.1] co n s is ts  of: ca lib ra tion  o f  in d iv id u a l T D C  ch an n els, left- 
right P M T  a lig n m en t a n d /o r  en erg y  loss, a tte n u a tio n  len g th  ca lib r a tio n s , e ffec tiv e  v e lo c ity  
ca lib ra tio n , th en  co u n ter-to -co u n ter  d e lay  ad ju stm en t an d . w hen  th is  is d o n e , an overall R F  
(accelerator R ad io  F req u en cy) offset ca lib ra tion .
4 . 1 . 1  P e d e s t a l s  a n d  T D C  C a l i b r a t i o n
T h e  A D C  th resh o ld s are ca lled  p e d e sta ls  and are m easu red  by ta k in g  d a ta  w ith  a d ed ica ted  
D A Q  con figu ra tion . T h e  d a ta  are an a lyzed  o n lin e  an d  th e  resu ltin g  c o n s ta n ts  are saved  
in to  th e ca lib ra tio n  d a ta b a se .
T h e  c h a n n e l-to -tim e  c a lib r a t io n s  o f  a ll th e C L A S  T D C s. ex cep t th e  d rift ch am b er T D C s  
is perform ed u sin g  a sp ec ia l p u lser  run and tlit' resp on ses o f  each  T D C  for various d e la y s  
b etw een  START an d  STOP are a n a ly ze d . A q u ad ratic  eq u a tio n  is used  to  con vert th e  T D C  
ch an n el num ber T  to  .actual t im e  f(n s):
t — co +  C| r  +  c>T~ ( 4 . i )
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T h e  p a ra m eters  .’ i an d  r> are saved  in th e  ca lib ra tio n  d a ta b a se . T h e  c0  p aram eter  is not 
relevant s in c e  a le ft-r ig h t ca lib r a tio n  w ill b e  d o n e  la ter on .
4 . 1 . 2  T i m e - w a l k  C o r r e c t i o n s
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Figure 4-2: Typical dependence of the TDC times (ns) versus pulse height (ADC counts). The fit 
is done with with the function in ecj.4.2. (from (6.1);
T iin e -w a lk  is an  in stru m e n ta l sh ift in th e  t im e  m easu red  u sin g  a lea d in g -ed g e  d iscr im i­
n ator th a t is d u e  to  d ifferen t tim e-r ise  in th e  an a log  p u lse  for d ifferent p u lse  h eigh ts . T h e  
tim e-w a lk  co r r e c t io n  is im p lem en te d  in th e  softw are u sin g  th e  fu n ction
,  . A P \  ,  ( 6 0 0  \
t'L- ~ * ~ fu- ( —  J +  /u 4.2)
w here .4/> is th e  p e d e sta l-c o r r e c te d  A D C  ch an n el n u m b er, r is th e  ch a n n el co rresp o n d in g
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to  tho le a d in g -ed g e  d iscr im in a to r  th resh o ld  o f  2 0m V  ( 2: 35 ch a n n e ls) an d  / , r (x )  is th e  tim e-  
w alk co rrectio n  fu n ctio n . T h e  figure 600  co rresp o n d s to th e  m in im u m  io n iz in g  p a rtic le  
(M IP ) ch a n n e l s e tt in g , w here t w —► t. T h e  correction  fu n ction  / u (x ) is o b ta in ed  for each  
P M T  se p a r a te ly  u sin g  laser ca lib ra tion  d a ta . In gen eral, a fu n ctio n  o f  th ree p aram eters is 
used:
T h is  fu n ctio n  first d rop s ab ru p tly  and th en  ch a n g es  to  a slow  lin ear d ecrease, w h ich  corn*- 
sp o n d s to  sa tu r a tio n  o f  th e  P M T -s (see figure 1-2). T h e fit p aram eters n . b . r  are saved  in 
th e  ca lib r a tio n  d a ta b a se .
4.1 .3  L e f t - R ic. h t  P M T  A l i g n m e n t
E sta b lish in g  tlit* le ft-righ t sign als t im e o ffse ts  is crucia l for hit p o sitio n  id en tifica tio n  in 
th e  sc in t illa to r  p ad d le . T h e  left-right a lig n m en t is a crude a d ju stm en t o f  th ese  o ffse ts , th e  
fine tu n in g  b e in g  d o n e  w hen  th e effec tive  v e lo c ity  o f  light in th e  sc in tilla to r  is ca lib ra ted  
(su b se c tio n  -1.1.5).
Raw d a ta  is u sed  to  o b ta in  h istogram s o f  th e  q u an tity
u sin g  th e  e x is t in g  d a ta b a se  offset values. If th e  o ffse ts  an* not correct, th e  d is tr ib u tio n  is not 
cen tered  (se e  F ig .-1-3.a) T h e  ed ges o f  th e  x -p r o je c t io n  for each co u n ter  sh ou ld  b e sy m m e tr ic  
w ith  resp ect to  zero. T h e  value* o f  the le ft-r igh t offset is d eterm in ed  as
(ic h( b - 1- 1 ) -  s a b c  ,6^ n if  x  > c
if  x  <  c
f  =  T D C ( l r f t )  -  T D C ( r u j h t )
S t  =  ( /  tv /  /
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Figure 4-3: Example of left-right alignment of TO F counters. The vertical ,L\is is the TO F counter 
number.! from [63])
w h ere *v//  is th e  effec tive  v e lo c ity  o f  ligh t in th e  sc in tilla to r  m ateria l, tak en  to  b e  16 c m /n s  
at th is  stage. O n ce  th e  c a lib r a tio n  d a ta b a se  offset is in crem en ted  by th e  o b ta in e d  A t. th e  
d is tr ib u tio n  m ust look  like F ig .-t-3 (b ).
T h e  cod es u sed  to  p erform  th is  c a lib r a tio n  are t o f . c a l i b  anti t d c _ l r  .kum ac from  th e  
s c . c a l i b  softw are package.
4 . 1 . 4  E n e r g y  L o s s  a n d  A t t e n u a t i o n  L e n g t h  C a l i b r a t i o n
For h igh  q u a lity  ca lib ra tio n  o f  C’L A S  w e w ant th e sc in tilla to r  cou n ters to  b e a b le  to  sep a ra te  
p io u s  from p roton s w ith o u t re ly in g  o n  t im in g  in form ation . T h e  d e p e n d e n c e  o f  th e  d ep o sited  
en erg y  on  m om en tu m  is d ifferen t for p ro to n  and p ion s. and  th u s p io u s  an d  p ro to n s  can  b e  
sep a ra ted  on ce th e  en ergy  lo ss  HE/<)x in th e  sc in tilla to r  m ateria l an d  th e  a t te n u a tio n  len g th
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(A) for each  co u n ter  are p rec ise ly  ca lib ra ted .
T h e m easu red  p u lse  h e ig h ts  n orm alized  to  th e  ca lib ra ted  M IP peak  valu e are u sed  to  
recon stru ct th e  en erg y  d ep o s ited  in th e  sc in tilla to r s:
.4/. =  ~ j^ ^ L e x p ( - ( T / 2  -  y ) /A )  (4 .3 )
A r =  ^ E R v x p [ - ( L / 2  +  y ) / \ )
w here .4, is th e  p ed esta l-co rrec ted  A D C  ch a n n e l. E,  (i =  L. R)  is th e  d e p o s ite d  en ergy . 
k  =  10  M eV . L  is th e  le n g th  o f  th e  sc in tilla to r  an d  ;/ is th e  hit p o s it io n  m easu red  from  th e  
center o f  th e  d e tec to r . T h e  n orm aliza tion  c o n s ta n ts  .V, corn 's, ! to  th e  peak  h e ig h ts  o f  
m inim u m  io n iz in g  p a r tic le s  (M IP ) n orm ally  in c id en t at tin* center o f  tin* sc in tilla to r .
T h e g eo m e tr ica l m ean  o f  th e  left an d  right s ig n a ls  is:
.4 =  \ J  A i. . \ r  =  a E ,i  ex p ( — Lj ' l X)  (4 .1 )
w here o  =  \J .V;..V« / k.  T h e  q u an tity  E,t =  y / E i  E r  is a  p osition -in varian t m e.isu re o f  th e  
d ep o sited  energy.
To ine;isure th e  g eo m e tr ic  m ean  o f  th e  M IP  p eak  p o s it io n  in each  co u n ter , lo o se  t im in g  
cu ts  are em p lo y ed  to  se lec t  th e p iou s u sed  in  th e  ca lib ra tio n . T h is  m e th o d  requ ires th a t  
a reason ab le t im in g  ca lib ra tio n  has b»'en p re v io u s ly  d on e . T h e g eo m etr ic  m ean  p o s it io n  is 
ob ta in ed  by a fit o f  th e  d ep en d e n c e  in figure 4 .4 (a ) . T h e  d esired  va lu e o f  .4 is GOO.
To ca lcu la te  E j  from  eq .( l. l) . n orm ally  in c id en t m in im u m  ion iz in g  p artic les are u sed  
to  m easu re th e  q u a n tity  a  exp( -  L/ 2 X) .  A p lo t o f  ln ( .4 / / .4 /f )  versus // is sh ow n  in figure  
4 .4 (b ). T h e  s lo p e  o f  th e  lin ear fit is eq u al to  A /2  an d  th e  offset is eq u a l to  ln(.V /_ E [ . / X r E r ).
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F igiin 1 l-l:  M onitoring histogram  showing (a) the fit to tin' geometric mean of the energy loss for 
M IP-s in th<“ counter and (f>) correctly calibrated attenuation  length and energy loss, (from [63]).
F igu re 1-5 sh ow s th e  m easu red  d ep en d e n c e  K,t =  E j [ p )  .after th e  ea lih ra tio ti. T lie  en ergy  
loss o f  tht* p ro to n s in creases q u a d ra tica lly  w ith  in otn en tu m  u ntil they  b eg in  to  p e n etra te  
th e  sc in tilla to r , at w hich  p o in t their en ergy  loss fo llow s the Bet h e-B loch  form ula .
At low m om en ta , th e  p ion  and p roton  b a n d s are w ell sep ara ted , w hereas a b o v e  m o m en ta  
o f  0 .8  C ieY /c  th e y  start to  m erge, s in ce  p ro to n s b eco m e M IP-s. T h erefore, th is  cr iter ia  o f  
p ion -p ro ton  sep a ra tio n  is not su ita b le  for a n a ly s is  an d  is used o n ly  to  p rov id e a  rea so n a b ly  
clean  p ion  sa m p le  for th e  n ex t ca lib ra tio n  step s .
T h e  p roced u re o u tlin e d  in  th is  sec tio n  is b ased  on  stan d ard  C’LAS ca lib r a tio n  so ftw are  
and was se m i-a u to m a tize d  u sin g  th e  t o f s  sh e ll scr ip t a tta ch ed  in a p p e n d ix  D .3 .












0.5 5I 1.5 2 2.5O
Momentum ( C*eV/c )
Figure 4-3: Energy loss in the srintillator materia] versus particle momenta. One can clearly distin­
guish the protons and pions anti also a weak dcuteron hand.
4.1.5 E f f e c t i v e  V e l o c i t y  C o r r e c t i o n
T h e  p o s it io n  y  o f  a hit a lon g  th e  len g th  o f  the sc in t illa to r  ca n  be d eterm in ed  from  th e  t im in g  
in fo rm a tio n  from  th e  left an d  right tu b es
!J =  *'«■//(</. ~ t R -  t 0f f Sf t ) / 2
T h e  c o n sta n ts  can  be ca lib ra ted  u sin g  th e  p o sitio n  y  from  D C  tracking. T h e  d e p e n d e n c e  o f  
th e  q u a n tity  </. —t.y versus y  can  b e fitted  w ith  a linear cu rve  to  d eterm in e  th e  c o n sta n ts  i \ j f  
an d  for each  sc in tilla to r  p ad d le . T h is  p roced u re is a cco m p lish ed  u sin g  th e  program
vef f .
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4 . 1 . 6  R F  P a r a m e t e r s
T h e  R F -sig n a l from  th e  a cc e ler a to r  w as used  as th e re feren ce  t im in g  s ig n a l for th e  C L A S  
p a rtic le  id en tifica tio n . T h is  s ig n a l is gen erated  for ev ery  e le c tr o n  b u n ch , therefore w ith  a 
freq u en cy  o f  i>arr =  1.-1971 G H z (se c tio n  3 .1 ). T h e b eam  a r r iv in g  to  H all B co n sis ts  o f  2 ps 
b u n ch es sep a ra ted  by 2 n s in terv a ls . T h e  R F sign al is se n t  to  th e  th ree  ex p er im en ta l halls  
w ith  a p resca le  factor o f  -1 0 .
E ach  C L A S  trigger is ca u se d  b y  an  e lectron  from on e o f  th e se  b u n ch es. Ideally, on e w ould  
like to  b e  ab le  to  id en tify  th e  b u n ch  co n ta in in g  the e lec tr o n  w h ich  ca u se d  a  p articu lar event, 
b ut th is  is im p o ssib le  to  d o . b e c a u se  o f  th e  prescale factor, w h ich  m ean s th at o n ly  on e out  
o f  40 R F -s ig n a ls  is sen t to  th e  e x p er im en ta l halls.
H ow ever, for th e  T O F  c a lib r a tio n  p urposes, it is a d e q u a te  en o u g h  to  be ab le  to  a lign  
th e  t im in g  o f  a ll s c in t illa to r  co u n te rs  to  th e  saint' R F b u n ch , b eca u se  a ll e lectron  bun ch es  
d elivered  in to  H all B  are se p a r a te d  by a con stan t tim e in terval:
A T  = -  =      =  2 .0 0 3 9  ns (4 .'
I 'arc  1.4971 GHz
w here th e  factor 3 c o m e s  from  th e  fact th at the beam  is sh a re d  a m o n g  th e  th ree exp er im en ta l 
h alls . T h e  R F sig n a l is sen t to  th e  h a lls  every  4 ( )x A T  n s. W e d efin e  th e  R F  offset  as th e  
d elay  t im e  b etw een  th e  R F  s ig n a l an d  th e  averaged ev en t tim e .
To h ave an .accep tab le T O F  ca lib r a tio n  for a large d a ta  sa m p le  th e  R F  offset m ust be  
a d ju ste d  th rou gh ou t th e  run  p er io d . For each  b eg in n in g  o f  a  run p er io d , as w ell a s for each  
b eam  en erg y  ch an ge, th e  R F  p h a se  ch an ges and new  o ffse ts  m u st b e  d eterm in ed  [72]. T h e  
R F ca lib r a tio n  is d o n e  u sin g  th e  program  r f  .mon. O n e m u st n o te  th a t th is  step  needs to  
be re p e a ted  after th e  p a d d le -to -p a d d le  ca lib ration .
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
69
4 . 1 . 7  P A D D L E - T O - P A D D L E  C A L I B R A T I O N
O n ce all in d iv id u a l sc in t illa to r  cou n ters have b een  c a lib r a ted , o n e  has to  en su re  that th eir  
sign a ls are a lig n ed  w ith  resp ect to  th e  accelera tor R F  s ig n a l, w h ich  is u sed  a s a reference  
sign a l for p a r t ic le  id en tifica tio n . T h is  is d one by in tr o d u c in g  a  tim e  d elay  in th e  softw are  
for each co u n ter .
T h e T O F  t im in g  o f  a  h it a t p o sit io n  // is c a lc u la te d  a s  th e  average o f  th e  tim es from th e  
tw o en d s o f  th e  fired sc in tilla to r:
T i. + T k  , ,Tsc ~  ----    (4 .6 )
w here T/ a n d  T / are th e  t im e s  m easured  by th e  tw o  T D C s.
In th e first s ta g e  o f  th e  p a d d le -to -p a d d le  c a lib r a tio n  a ll sc in tilla to r  str ip s  are a ligned  to  
on e o f  th e  R F -s ig n a ls  co m in g  to  th e  ex p er im en ta l ha ll. O n e can  ca lcu la te  th e  d ifference  
betw een  th e  ev e n t sta rt t im e , u sin g  th e sign a l from  th e  h it sc in t illa to r  cou n ter, and th e  R F  
tim e as:
A r  =  ( T s c  -  Tfhyht )  -  T m  (1 .7 )
w here T s c  >-s th e  t im e  in n a n o seco n d s m e a su m l by th e  sc in t illa to r . T f i is th e  flight tim e  
o f  th e p a rtic le  from  th e  ta rg e t vertex  to  th e sc in t illa to r  an d  T ^ y  is th e  tim e  w hen  R F -sign a l 
arrives to  th e  T D C -s  in H all B. A ll th ese  t im es are  m easu red  w ith  resp ect to  the C L A S  
trigger sign a l.
T h e d is tr ib u t io n  o f  th e  n um ber o f  even ts  v ersu s A r  for a s in g le  ch an n el is sh ow n  in 
F ig . 4-6-a. T h e  m u ltip le  p eak s on  th is  p lot arise b e c a u se  o n ly  o n e  o u t o f  forty R F -sign a ls is 
sent to  H a ll-B . w h ile  th e  ob served  even t can  be c a u se d  by an  e lec tro n  from  any o f  the forty  
electron  b u n ch es. T h e  p ea k s m ust b e sep ara ted  by e x a c t ly  ‘2 .0039  ns if th e  T O F  T D C -s  
an d  th e T D C  o f  th e  R F -s ig n a l are ca lib rated  correctly . A s a  m a tter  o f  fact, th is  plot is
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Figure 4-6: Illustration of the heam RF-structure: (a) A r  distribution with properly calibrated  
TD C -s. (b) A r distribution when the r t parameter of the TD C  of the RF-signal is m iscalibrated by 
less than Y'A. (r) R-distribution for a single scintillator channel, fitted with a Gaussian curve (figure 
courtesy ( >f H. Egiyan [73]).
a se n s it iv e  test o f  th e  accu racy  o f  the T D C  c a lib r a t io n s  (su b sec tio n  4 . 1.1), s in ce in case  
o f  m isca lib ra ted  T D C -s  o n e  can  see a p a ttern  s im ila r  to  o n e  sh ow n  in Fig. 4-6-b  . E x tra  
co rrectio n s m ay b e  n eed ed  to  th e  C[ T D C  c a lib r a tio n  p aram eter , d efined  in eq. ( 4 .1), if  th is  
ty p e  o f  p a ttern  a p p ea rs in th e  p lot in F ig. 4-6.
T h e  tim e offset for each  sc in tilla to r  cou n ter is d e fin e d  as |74]:
R  =  mod_y/- ( T< c  ~  Tfi„jht -  T u f  +  100 • A T )
A T
(4 .8 )
w h ere A T  w as d efin ed  in eq . (4 .5 ). R d eter m in es  h ow  m uch th e  tim e s ig n a l g iven  by th e  
sc in t illa to r  co u n ter  T s c  sh o u ld  be delayed  in ord er to  a lig n  it w ith  the R F -sign a l.
T h e  d istr ib u tio n  o f  ev en ts  versus th e  offset R  for a  s in g le  T im e-o f-F lig h t ch an n el is 
sh o w n  in F ig. 4 -6-c . T h e  p o sit io n  o f  th e  p eak  d e fin e s  th e  t im e  offset to  b e su b tra c ted  from
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Figure 1-7: Two dim ensional plot showing versus Tr; for (a) uncalihrated R F-signal and (b) cali­
brated RF-signal (figure courtesy of H. Egiy;in [73]).
th e  T s c  w hen  c a lc u la t in g  tin- m ass o f  th e  p a rtic le  using T O F  in fo rm a tio n . T h e  w id th  o f  
th e  d istr ib u tio n  d e p e n d s  on  th e  t im in g  ch a ra c ter is tics  o f  th e  sc in t illa to r , th e  q u a lity  o f  the 
ca lib ra tio n  for th a t p a rticu la r  ch a n n e l, an d  th e  T D C  ca lib ra tio n  o f  th e  R F  sig n a l (sec tion  
4 .1 .6 ). If th e R F s ig n a l T D C  is m isca lib r a ted . then  th e  p lot o f  R  v s. T u t  w ill exh ib it a 
sligh t slop e.
A fter a proper ca lib r a tio n  th e  R  versu s 7^ /. d istr ib u tio n  m ust look  like a horizontal 
b an d . ;is illu stra ted  in F ig . 4 -7-b . T h en  o n e  ca n  vary th e s lo p e  p a ra m eter  o f  th e  sc in tilla to r  
T D C  ca lib ra tio n  to  find  th e  valu e w h ich  p ro d u c es  the narrow est w id th  o f  th e  //-d is tr ib u tio n  
sh ow n  in Fig. 4-6.
O n ce the R F an d  th e  T im e -o f-F lig h t T D C -s  are ca lib ra ted  to  p ro d u ce  sa t is fa c to r y  re­
su lts . th e  n ext s te p  is to  fit th e  / /-d is t r ib u t io n s  for each co u n ter  w ith  a G a u ssia n  cu rve to  
d eterm in e  th e  p eak  p o s it io n s . T h e  o b ta in e d  va lu es are ca lled  "fine tu n in g  co n sta n ts" . S ince  
th e  e lec tron s are p red o m in a n tly  p ro d u ced  in th e  forward d ire c tio n , p io u s m u st b e  u sed  to  
d eterm in e  th e fine tu n in g  c o n s ta n ts  for th e  backward str ip s. T h e  d isa d v a n ta g e  o f  using  
p iou s is th a t, u n like e lec tr o n s , th e y  have a s ig n ifica n tly  sm aller  a n d  th erefore o n e  has to
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
use th e  p ion  m o m en tu m  from  track in g  to  d e te r m in e  th e ir  v e lo c ity . P ro to n s  are even  less 
u sefu l, b e c a u se  th ey  have s ig n ifica n t en ergy  lo sses  on  th e ir  w ay to  th e  sc in tilla to rs . For the  
reason s m en tio n ed  ab ove, th e  fine tu n in g  o f  th e  forw ard  sc in t illa to r s  from  (1-20) is d one  
u sin g  e le c tr o n s , w h ile  th e  rem a in in g  ch an n els are c a lib r a ted  w ith  p io n s, id en tified  by their  
d E / d x  s ig n a tu r e  (F ig . 4 -5 ).
M ost o f  th e  ch a n n els  gave G a u ssia n  ^ -d is tr ib u tio n s . w h erea s th e  ch a n n els  from  40 and  
up w ere p ro d u c in g  d o u b le  p eak s, cau sed  by th e  fact th a t tw o  a c tu a l sc in tilla to r  str ip s  
are c o n n e c te d  to  a  s in g le  e lec tr o n ic  ch a n n e l1. For th e  low  en er g ie s , tin* t im in g  reso lu tion  
o b ta in e d . n t ^  2 ns is su ffic ien t to  re liab ly  se p a r a te  p io n s  an d  p ro to n s  a t su ch  large an gles, 
b eca u se  th e se  backw ard tracks ty p ic a lly  have m o m e n tu m  less th a n  1 G e V /c .
A fter  th e  fine tu n in g  is d o n e , a ll sc in tilla to r  co u n te rs  are a lig n ed  w ith  th e  R F  sign als. But 
th ere s t i l l  can  be an offset b etw een  d ifferent p a d d les , b eca u se  th e ir  t im in g  m ight be a lign ed  
w ith  R F -s ig n a ls  co rresp o n d in g  to  different e lec tr o n  b u n ch es. T h erefo re , any tim e offset 
b etw een  an y  tw o ch a n n els  m ust be1 a m u ltip le  o f  2 .0 0 3 9  ns. A p ro ced u re  w.as d evelop ed  (74j 
to  so lv e  th is  a m b ig u ity  in se lec tio n  o f  th e  reference t im in g  s ig n a l u s in g  th e  ev en ts  con ta in in g  
an e lec tr o n  a n d  at least on e p ion . T h is  p roced u re , k now n  as "crude t u n in g ”, co n sis ts  o f  
th ree s te p s . T h e  first is to  eq u a lize  th e  tim e d e la y s  for th e  first ten  c h a n n e ls  in each sector.
O n ce  th e  t im in g  for th e  first ten  ch an n els o f  a ll se c to rs  are a lig n ed , o n e  has to  find th e  
re la tive  d e la y s  b etw een  secto rs, w hich  again  ca n  o n ly  b e m u lt ip le  o f  2 .0 0 3 9  ns. To find th ese  
tim in g  o ffse ts , w e u se ev e n ts  c o n ta in in g  an e lec tr o n  in o n e  o f  th e  ten  forw ard sc in tilla tor  
cou n ters o f  th e  sec to r  b e in g  ca lib ra ted , and a p io n  in tin 1 first ten  cou n ters o f  sector 1. 
ch osen  a s  a  reference.
T h e  final s te p  in th e  p a d d le -to -p a d d le  ca lib r a tio n  p ro ced u re  is th e  a lign m en t o f  th e  tim e
’ At th e  p re sen t tim e , th is  is c o m p e n sa te d  using  t ra c k in g  in fo rm a tio n  to  id en tify  th e  in d iv id u a l p add les 
in th e  p a ir
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d e la y s  for th e  ch an n els from  11 to  48. For th is  p u r p o se , even ts co n ta in in g  an  e lec tro n  an d  
at lea st o n e  p ion  are se lected . T h e  e lec tr o n  is req u ired  to  he d e tec te d  in any o f  th e  first ten  
p a d d les  in an y  secto r , w h ile  th e  p ion  s ig n a l m ust b e  in th e  sc in tilla to r  b e in g  ca lib ra ted .
T h e  p a d d le -to -p a d d le  ca lib ra tio n  m akes use o f  th e  p 2 p .d e la y .e l  co d e  an d  is d esc r ib ed  
in  d e ta il in reference [73].
4 .1 .8  A l i g n m e n t  o f  t h e  T O F  S y s t e m  t o  t h e  R F - s i g n a l
T o d e te r m in e  hadron ic m asses u sin g  flight t im e  in fo rm a tio n , on e has to  know  th e  sta rt t im e  
o f  th e  even t. For th e  electron  ru n s th e  n atu ra l c h o ic e  w ould be u sin g  th e  e lec tro n  t im in g  
to  d e te r m in e  th e  start t im e o f  th e  even t at th e  ta rg e t  vertex. T h en  th e  flight tim e o f  th e  
h ad ron  an d  th e  corresp ond ing  reso lu tio n  are g iv en  by:
w h ere  L >'lrack is th e  length  o f  th e  e lec tro n  track  from  th e  vertex  to  th e  sc in tilla to r  an d  r is 
th e  sp ee d  o f  th e  electron , taken eq u a l to  th e  sp ee d  o f  light. T h e  e lec tron  t im in g  reso lu tio n  
<)T^r  m ak es a  sign ifican t co n tr ib u tio n  in to  th e  u n c erta in ty  o f  th e  d e ter m in a tio n  o f  th e  flight  
tim e . O n e o f  th e  w ays o f  e l im in a tin g  th e  co n tr ib u tio n  from  th e  e lec tro n  t im in g  errors an d  
im p ro v in g  th e  reso lu tion  o f  th e  h adron  flight t im e  is to  use th e  R F -sig n a l to  d e ter m in e  
th e  even t s ta r t  tim e . In fact, a fter  th e  p a d d le -to -p a d d le  ca lib ra tio n  p roced u re is co m p le te , 
th e  t im in g  o f  a ll sc in tilla to r  cou n ters are a d ju ste d  to  th e sam e R F  bun ch . T h erefore , th e
(4 .9 )
(4 .1 0 )
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RF-corrected flight tim e, defined as:
track
can  he u sed  to  ca lcu la te  th e  v e lo c ity  o f  hadrons. E q u ation  (4 .1 1 ) is valid  a s  lo n g  as all 
T im e -o f-F lig h t cou n ters  are a d ju ste d  w ith  resp ect to  th e R F -s ig n a l. B u t b eca u se  th e  tu n in g  
o f  th e  b eam  m ay ch an ge th e  p a th  le n g th  o f  th e  e lectron s from  th e  in jector to  th e  ta rg e t, 
a n d  b ecau se  th e  s ig n a l p ro p a g a tio n  sp ee d  in th e  cab les m ay vary w ith  tim e, th is  a lig n m en t  
had  to  be d o n e  for each  run.
C a l i b r a t i o n  R e s u l t s
T h e  p roced u res d escr ib ed  ab ove w ere d o n e  to  en su re  that th e  o fflin e  C L A S  a n a ly s is  so ftw are  
reliab ly  d ist in g u ish  a m o n g  d ifferent ty p e s  o f  h adrons. T h e t im in g  reso lu tion  d e te r m in e d  by 
th e  T im e-o f-F lig h t ca lib ra tio n s d ir e c tly  affects th e  level o f  n o n -p h y sic a l b ack grou n d .
F igures 4-8 (a) and  (b) an d  4-9  illu s tr a te  th e  q u a lity  o f  th e  F ID  (p a rtic le  id e n tif ic a t io n )  
ca lib ra tio n . In 4 .8 (b ) th e  d ep en d e n c e  o f  d versu s m om en tu m  for p o s it iv e ly  ch a rg ed  p a rtic les  
is sh ow n  (a ll sc in tilla to r s  co m b in e d ). T h e  m ass o f  th e  hadron can  b e ca lcu la ted  k n o w in g  its  
ve lo c ity  an d  m om en tu m . T h e  m ass sp e c tr u m  from  an em p ty  ta rget run at 4.4 G e V  e lec tro n  
b eam  en ergy  is sh ow n  in F ig . 4 .8 (a ) . C lea r ly  d istin g u ish a b le  are th e  p eak s c o r r e sp o n d in g  
to  th e p roton , p ion  an d  d eu tero n . an d  so m ew h a t sm aller kaon a n d  tr iton  p eak s.
At very low m o m en tu m  th e  r e so lu tio n  o f  th e  T O F  sy ste m  is a d eq u ate  for se p a r a tio n  
o f  p o sitro n s, p ion s an d  m u on s from  p io n  d ecays , as illu stra ted  in F ig. 4-9. T h e  fea s ib ility  
for sep ara tion  o f  th e se  th ree  ty p e s  o f  p a r tic le s  is stron g ly  m o m en tu m  d e p e n d e n t , b eca u se
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Figure 4-8: (a) Mass spectrum  of hadrons from an em pty target run. ( l>) Plot of J versus mom entum . 
Here the kaon band was artificially enhanced. The pion and proton bands are reliably separated up 
to 2.o G eV /c  m om enta (from [73]).
at h igher in o m en tu in  th e  m ass reso lu tion  d e ter io ra tes  an d  th e se  p eak s m erge. For th is  
reason  th e  C L A S  p a rtic le  id en tifica tion  p ro ced u re  p resu m es a ll th e se  p article to  be p io n s  
bv d efa u lt.
For fu rth er in fo rm a tio n  as w ell as tech n ica l d e ta ils  regard in g  th e  T im e-o f-F lig h t ca lib r a ­
tio n . th e  reader is referred to  [75!.
4 . 2  E l e c t r o m a g n e t i c  C a l o r i m e t e r  T i m e  C a l i b r a t i o n
T h e  e lec tr o m a g n etic  ca lorim eters are an im p o rta n t co m p o n en t o f  th e  p article id en tifica tio n  
sch em e s in ce  th e  E C  tim e p rovid es the sta r t  s ig n a l for th e  SC *. S C T an d  RF T D C s.
A lso , n eu tra l p a rtic les  in  C L A S .are d e te c te d  in th e  e lec tr o m a g n etic  ca lorim eters. T h e  
n eu tro n 's  t im e  o f  flight is th e  on ly  m easu rem en t o f  its  en ergy  b eca u se  the n eu tron  d o e s














Figure 4-9: Mass squared for backward Hying particles (paddles 20 and above) with m om entum  
below 0.2a G e \’/c  (a) w ithout any sector cut (b) the electron and the other particle are required to 
be in the same sector (from [73] )
n ot d e p o s it  a ll its  en ergy  in th e  ca lo r im eter . T h is  m akes EC tim e ca lib r a t io n  e s se n tia l for 
e x p e r im e n ts  that d e tec t  n eu tro n s in th e  final s ta te .
W e use e lec tron  t im e  m easu red  b y  T im e -o f-F lig h t to  ca lib ra te  EC t im e  m ea su rem en ts . 
F irst we id en tify  an e lec tro n . B e ca u se  th ere is no m a g n etic  field b etw een  th e  sc in t illa to r  
cou n ters  and  the e lec tr o m a g n etic  ca lo r im ete rs , th e  track is stra igh t. If w e a ssu m e th a t C, 
is correctly  ca lib ra ted , we can  p red ict th e  t im e  m e;isured by E C  as:
I COS f tt =  t 4 - - - - - ________Lrc  —  1 sc ’
('
w h ere d rcsr is th e  d is ta n c e  b etw een  th e  E C  and SC  layers, c is th e e lec tr o n  v e lo c ity  an d  it 
is th e  im p act an g le  to  th e  EC  p la n e  (see  F ig . 4 .1 0 (a ).
T h e  valu e t ec is a ssig n ed  to  th e  E C  sc in t illa tio n  bar w ith  th e  largest A D C  for each  o f  
th e  th ree v iew s, e x a c t ly  th e  sa m e w ay as it is d on e in th e  recon stru ction  c o d e  [109]. T h e
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Figure 4-10: (a) F.C time extrapolation from SC time. Only the scintillation bar with the largest 
AD C value in one view for each EC layer is shown, (b) Obtained EC time resolution for electrons 
in sector 1 (from f7oj).
t im e  d ep en d en ce  is fitted  w ith  th e  fu n ctio n
//-> , , I
H.(' -  po + Pi ' M r +  A -  + Pi I' -t- Pi • i
V mlc
w fiere p,  are five fit p aram eters, t dc  an d  a d c  are th e  T D C  and A D C  value's, resp ective ly . I 
is th e  len g th  from  th e  h it p o in t to  the' E C  readout e'elge' and t v / /  is the* spe'e'ei o f  light in th e  
sc in t illa to r  m ateria l. T h e  first tw o term s are sim p le  lini’ur T D C  re'sponse. th e  th ird  term  is 
th e  tim e'-walk corre'ction. the' fou rth  am i fifth  term s are sm all corre'ctions for th e  fact that 
s ig n a ls  arrive at th e  read ou t edge' at s lig h t ly  d ifferent time's for sc in t illa tio n  b ars eonnecte'd  
to  th e  sa m e P M T  anel th e  last term  is inserte’el to  cou ip i'iisa te  th e  t im e  for sc in t illa t io n  light 
to  travel from  hit p oint to  re*adout e'dge.
T h e  b est fit co n sta n ts  are1 save'd in  the' ca lib ration  d a tab ase. T h e  elifferenee* b etw een  the  
reconstructe'd  EC tim e  am i th e  T im i'-o f-F lig h t value define's th e  t im e  reso lu tio n  for ele'ctrons
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
78
(F ig . 4 .10(1))). Tlu> overall n  is — 250 p s. w h ich  is p a rtia lly  d uo to  tho T O F  reso lu tion . If wo 
tako th o  T O F  tim e reso lu tio n  to  he — 150 p s (see p rev iou s s e c t io n ) , th e n  th e  e lec tro m a g n etic  
ca lo r im ete r  tim e reso lu tio n  for e lec tr o n s  is a p p r o x im a te ly  V 25(P  -  150- =  200 ps. For 
n eu tra l p artic les, th is  figure is not .as g o o d . A n eu tron  can  in teract an yw h ere w ith in  th e  
th ic k n ess  o f  th e  ca lo r im eter  w hich  is as large as 40 cm . In a  rou gh  a p p rox im ation , th is  
r esu lts  in  an  u n certa in ty  in  th e  flight p a th  eq u a l to  h a lf  th is  th ick n ess , w hich  for a  n eu tron  
w ith  A — 1 is eq u iva len t to  a  t im e  u n certa in ty  o f  ± 7 0 0  ps. For low er A it w ill he even  larger. 
T h erefore , for n eu tron s, th e  reso lu tio n  o b ta in e d  can  not h e b e lo w  ± 7 0 0  ps.
For a  d eta iled  d esc r ip tio n  o f  th e  EC ca lib r a tio n  p roced u re  as w ell as for techn ica l d e ta ils , 
th e  read er is referred to  [70].
4 . 3  C a l i b r a t i o n  o f  t h e  D r i f t  C h a m b e r s
T h e  p rim ary  p u rp ose o f  th e  drift ch am b ers ca lib ra tio n  is to  refine th e  p o sit io n  m easu rem en ts  
from  t im e  based  track in g  (T B T ). S p ecifica lly , th e  ca lib r a tio n  co n s ta n ts  for th e  tim e-to -  
d is ta n e e  fu n ction  need to  b e  ca lib ra ted  an d  checked. T h is  in v o lv es  c h o o s in g  ca lib ra tion  runs  
ev e n ly  sp a ced  th rou gh ou t th e  ru n n in g  p er io d  and th e  p ro cess in g  o f  a t le;ust l()0K  ev en ts  
from  ea ch  o f  th ose runs. T h e  ex a c t freq u en cy  by w hich  runs sh o u ld  b e  ca lib rated  d ep en d s  
on th e  run  p eriod . O b v io u sly , if  th e  ca lib r a tio n  c o n sta n ts  ch a n g e  by a large am oun t from  
on e ca lib r a tio n  run to  a n o th er  th e  freq u en cy  o f  u p d a tin g  c a lib r a tio n s  sh o u ld  he increased . 
In g en era l, th e  tracking c a lib r a tio n s  are ch ecked  for ('very d ay  o f  th e  ru n n in g  p eriod .
W h ile  the prim ary p u rp o se  o f  drift ch am b er ca lib r a tio n  is to  o b ta in  a first set o f  t im e  
b ased  track in g  ca lib ra tio n s , it a lso  p rov id es a  g o o d  o p p o r tu n ity  to  a sse ss  th e overall q u a lity  
o f  a ll ca lib r a tio n s . P ro b le m a tic  ru n n in g  p er io d s  can  b e id en tified , a n d  runs can b e se lec ted  
for th e  n ext s ta g e  o f  a n a ly s is .
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T h e  drift ch am b ers are ca lib ra ted  bv p aram etriz in g  th e  drift ve lo c ity  fu n ction . 36 o u t o f  
36 5  runs co llec ted  d u r in g  th e  E 2A  run  t im e  were ch osen  for ca lib ra tio n  p u rp oses, covering  
ev ery  d«ay o f  th e  run p erio d . T h e  ca lib r a t io n  program  dC -C alib.check-2-0 p resen ted  in 
[76] w as used  to  ca lib ra te  th e se  runs.
4.3.1 D r i f t  C h a m b e r  N o m e n c l a t u r e
T h e  C L A S  drift ch am b ers can  be se p a r a te d  in several w ays. F igu re 4-11 g ives a b asic idea  
o f  how  th e  ch am bers are arranged.
Figure 4-11: Schematic of CLAS drift cham bers showing how regions and superlayers are named. 
The picture represents a slice through the CLAS perpendicular to the beam line at about the target 
position.
E ach  o f  the six  sec to rs  o f  C L A S  h as an id en tica l se t o f  d rift ch am b ers. E ach set can  
b e sep;rrated by region  or by su p erla y er . P ractica lly , each  reg ion  is a  sep a ra te  p h ysica l 
v o lu m e co n ta in in g  tw o su p erlayers. E ach  su perlayer co n ta in s s ix  layers o f  sen se  w ires.
Kefwn
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e x c ep t su p er ia y er  1 w hich  has on ly  4 layers. E ach  su p eriayer o f  each sector is ca lib r a te d
sep a ra te ly , for a to ta l o f  36 se ts  o f  p aram eters [69].
W h en  a  ch arged  p artic le  g o es through  th e  d rift ch am b ers, each  o f  th e  34 layers is h i t .2 
E ach  h it d e te c te d  in th e  ch am b er is used to  d e te r m in e  th e  p article's track v ia  a least sq u a res  
fit w h ich  is d o n e  w ith in  th e  C L A S  recon stru ction  program . T w o term s are u sed  to  d t'scrib e
th e  d is ta n c e  o f  th e  ch arged  p artic le  track from  a  se n se  wire:
D O C  A (D is ta n c e  O f C losest A pproach) is th e  d is ta n c e  from  th e sen se w ire to  th e  track  
as d e te r m in e d  u sin g  in form ation  from  all th e  h it w ires.
D I S T  is th e  p red ic ted  d ista n c e  from  th e  se n se  w ire  to  th e track. T h is is ca lc u la te d  from  
th e  d rift t im e  an d  so m e o th er  param eters.
A d d itio n a lly , th e  r r s tdua l  is defined  as:
R E 'S  I =  \ D ( ) C A \  -  \ D I S T \
T h is  is a lso  k now n  as th e  "tim e residual" b e c a u se  its  sign  is d eterm in ed  by th e  s ig n  o f  
.any sy s te m a t ic  t im e  sh ift. Tin* residuals are th e  p rim ary  m eans o f  m easu rin g  the n *so lu tiou  
o f  tin* d rift ch am b ers. W e e s tim a te  stan d ard  d e v ia t io n s  (residual sigm a) o f  th e  resid u a l 
d is tr ib u t io n s  by m ean s o f  a G au ssian  fit. N o te  a lso  th a t D I S T  is p o sitiv e  d e fin ite , w h ile  
D O C  A is a ss ig n e d  a s ig n  d eterm in ed  by w h eth er  th e  track passed  to  th e right or to  th e  left 
o f  th e  w ire.
4 . 3 . 2  F’a r a m e t e r i z a t i o n  M e t h o d
T h e  C L A S  d rift ch am b ers are ca lib rated  by p a ra m eter iz in g  tin* drift ve lo c ity  fu n c tio n  for 
every  su p er ia y er  in  every  sector. T h e drift v e lo c ity  fu n ction  is the re la tion  b etw e en  th e
c a lcu la ted  d is ta n c e  o f  c lo sest approach  (D IS T ) o f  a p a rtic le  track to th e  drift t im e  t,y. T h e
’ In p ra c tic e , we find  an  av erag e  o f 31) h its  per tim e -b a s e d  tra c k  T h is  is tnostlv  d u e  to  inefficiencies o r 
holes in t fie c h a n d le r ’s fiducial vo lum e
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drift t im e  t j  is defined  as th e  t im e  n ece ssa r y  for th e  ions crea ted  by th e  p a rtic le  to  d rift to  
th e  se n se  w ire (see figure 4 -12 ).
SupcrLaycrS S«ctor4
drift time (ns)
Figure 4-12: Drift time for superiayer o in sector I
T h e  fu n ction 's p aram eters are d e te r m in e d  by fits to  D O C  A versus t im e  p lo ts  p ro d u ced  
from  C L A S  d ata . F igure 1-1.'} sh o w s a  ty p ic a l DOC'A versu s tim e d istr ib u tio n .
T h e  D O C  A values are o b ta in ed  from  fits o f  g lob a l tracks (i.e . fits w hich  in c lu d e  all 
layers) an d  th e  drift t im es are c a lc u la te d  from  th e  w ire's T D C  values a cc o u n tin g  for fixed  
ca b le  d e la y s  and ev en t-d ep en d en t d e la y s  su ch  ;is flight tim e.
4 . 3 . 3  C a l i b r a t i o n  Q l a l i t v
T h e q u a lity  o f  the ca lib ra tio n  is d o u b le -ch ec k e d  by ex a m in in g  q u an titie s  like th e  t im e  resid ­
ual s ig m a s (reso lu tio n ). T B T  h its  p er  track  an d  \*  va lu es o b ta in ed  for a ll 3(i fits ! . F igu re  
4 .1 4 (1 ) sh o w s residual sigm as as fu n c t io n  o f  ca lib r a tio n  run num ber for tw o  cases: su p e r ­
iayer 3. averaged  for 6 secto rs  an d  s e c to r  3 averaged  for 6 superlayers. D ifferent sy m b o ls  
'lj s e c to r s  x 6 s u p e r la y e r s
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Figure 4-13: Drift velocity function for superiayer 5. sector 4. On the vertical axis is DOC A (cm) 
and on the horizontal axis is the drift time t,( (nsl.
011 th e  p lo ts  corresp on d  to  d ifferent b ea m  en ergy  o f  th e  ca lib ra tio n  runs. S ligh t ch a n g es o f  
th e  reso lu tio n  are d u e to  b eam  en ergy  ch an ges.
F igu re 4 .1 4 (2 ) sh ow s th e  T B T  h its  [ter track as a fu n ction  o f  su p er ia y er  num ber an d  
se c to r  n u m b er averaged  over a ll ca lib ra tio n  runs. T h e  num ber o f  h its  [ter track  for su p eriayer  
1 d iffers from  th e  sam e q u a n tity  m easu red  for th e  o th er  su p erla v ers d u e  to  th e  fact th a t  
su p eria y er  1 has o n ly  4 layers. F igu re 4-15 sh o w s th e resid u a l s ig m a  as a fu n ctio n  o f  
su p er ia y er  n u m b er and se c to r  num ber averaged  over a ll th e  ca lib r a tio n  runs.
A m ore d e ta ile d  d esc r ip tio n  o f  d rift ch am b er ca lib r a tio n  p roced u re  is g iv e n  in [76. 69j.
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(2) H its pe r tra c k  v e rsu s  a) su p e r ia y e r  av erag ed  over 6 sec to rs  a n d  b ) se c to r  a v e r­
aged over 6 su p e rla v e rs  B o th  a) a n d  b) a re  av erag e  values over th e  36 c a lib ra tio n  
ru n s
Figure t -1 1: Indicators of calibration qual i ty  (E2A data)
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Figure 4-13: Resolution versus a) .superlayer averaged over 6 sectors ami l>) sector averaged over 6 
sujierlayers. Botii a) and b) are averaged over the 36 calibration runs (E2A data).
DATA SELECTION AND ANALYSIS
4 . 4  E l e c t r o n  I d e n t i f i c a t i o n
B ased  o n  our "single e lec tron  trigger" co n fig u r a tio n , an  event w.is recorded  if th ere  w as 
a  s ig n a l in  th e  e lec tr o m a g n etic  ca lor im eters a n d  C 'erenkov cou n ters (ex cep t 4 .4  G eV  ru n s  
w h ere th e  CC' w as n ot in th e trigger). At th e  a n a ly s is  s ta g e , our a im  is to  reco g n ize  ;is 
m an y  sc a tte r e d  e le c tr o n s  as p ossib le  w ith o u t s ig n if ic a n tly  co n ta m in a tin g  th e  d a ta  sa m p le .
To d o u b le-ch eck  th e  particles that th e  S E B  [109] la b e led  ;is e lec tro n s, we look ed  at 
th e  ratio  o f  th e  p a r tic le 's  energy d ep o s ited  in  th e  E C  to  th e  m om en tu m  m easu red  by tin* 
D C  (sa m p lin g  fraction ) [77. 109]. T h e  re c o n str u c t io n  c o d e  stores in form ation  a b o u t th e  
d e p o s ite d  en ergy  in th e  inner (E /j / ). o u te r  ( E £ f t ) an d  th e  w h ole (E ^ [  ) e le c tr o m a g n e tic
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ca lo r im eters  (sec tio n  3 .2 .5 ). W e u se  th is  as a su p p lem en ta ry  check o f  th e  reco n stru ctio n  
accuracy. B ecau se  E?n( or E ^ t w ere freq u en tly  a b sen t, w e took
E ^ [  =  m a x (E inf + E n,<lt' . E ltot (4 .13 )
A s tu d y  o f  th e  re la tion sh ip  b etw een  th e  d ep o s ited  en ergy  in th e  e lec tr o m a g n etic  ca lor im eters  
an d  th e  m o m en tu m  o f  th e e lec tro n  h as boon d on e. F igu re 4-16 sh ow s th is  d ep en d e n c y  for
C12 at 2 GeV. COPY: 16W~|
EtOt VS p
0  0 .2  0 .4  O i l  0 .8  1 12  1 .4  1.C 1.8 2  2 2
p e  (G eV /c)
Figure 4-16: Dependence of the total deposited  energy in the forward calorimeter ( E^ ;'t ) versus the 
electron momentum  p r . The data shown is for (e.e ) at 2.261 GeV and the cut is defined by the 
conditions (4.14) and (4.15).
4He d a ta  at E ^ am =  ‘2.261 G eV . A th resh o ld
J t o t >  E,thrt  s / i (4 .14 )
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T arget Ebram( G eV ) £ ^ r ’ (G eY ) (G eV ) b f,-r (f.u .) a h ( .( G eV ) b'K ( .(CM.)
‘ He 2.261 0 .10 0.251 -0 .049 0 .3 9 0 0 .003
4.461 0.33 0 .273 -0 .118 0.371 0 .042
‘-c 2.261 0 .10 0 .252 -0 .053 0 .3 7 6 0 .004
4.461 0.33 0 .277 -0 .140 0 .366 0.041
Table 4.2: E t„t threshold and constants for the 3<r cut from (4.15). 
is set in order to  e lim in a te  th e  m in im u m  ion izin g  p artic les. T h e  '.in cu t is d efin ed  by
« f :r  +  kt . cPe  <  E m  <  <ih;r -t- b'E( ■/>,, (4 .15 )
w ith  a n d  b'E r  four fit co n sta n ts  ( ta b le  4 .4) an d  p r tin' e lec tro n  m om en tu m .
T h e  cut is d eterm in ed  bv th e  fit o f  th e  3rr ridge o f  th e  Ef;,* versu s /v  d is tr ib u tio n . S im ilar  
co n d itio n s have b een  a p p lied  to  a ll th e  d a ta  se ts. A lso  a sec to r  by secto r  co m p a riso n  has 
been  done anti we c o n e ’ . ! ! th at an overall cut is su ffic ien t.
To su m m arize , w e requ ire th a t e lec tro n s sa tisfy  th e  fo llow in g  co n d itio n s:
1. C’erenkov co u n ters s ta tu s  is O K  (ex cep tin g  th e  4.461 G eV  d a ta )
2. 3rr cut on EtUf versu s m o m en tu m  p ,
3. E,„ >  0 .055 GeV' or E ,„ =  0 (from  trigger: if  E„, =  0 th en  th e  in fo rm a tio n  is m issin g )
4. be ab ove th e E tot recom m en d ed  th resh o ld  [78]
For our d ata . S E B  so m e tim e s  m islab elled  e lec tro n s as Id = () (i.e . as an u n id en tified  
n eg a tiv e  track). T h e  p ro ced u re  we d i'scrib ed  ab ove w ill accou n t su ch  an S E B  ld = 0  p a rtic le  
as e lectron , if it fu lfills th e  ab ove co n d itio n s . T h e ga in  o f  ou r s e le c t io n  m eth o d  w ith  resp ect  
to  th e  S E B  labeled  e le c tr o n s  is o f  3 -1 0 ‘X-.
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4 . 5  E l e c t r o n  M o m e n t u m  C o r r e c t i o n s
G eo m etr ica l u n c e r ta in tie s  in th e  d etec to r  a lign m en t an d  in th e  m a g n e tic  field  m a p p in g  can  
in flu en ce th e  m ea su rem en ts  o f  th e  m om en ta . W h at on e can  do. u s in g  a s a  reference so m e  
w ell know n  p ro cess , is to  d erive a correction  p rocedu re th a t w ould  resto re  th e  tru e values. 
O n e su ch  p ro ced u re  is b ased  u p on  e la s tic  e lec tro n -p ro to n  sc a tter in g . A ssu m in g  th a t th e  
b eam  en ergy  is e x a c t  an d  th a t th e  p olar sc a tter in g  an g le  9  is a cc u r a te ly  d eter m in ed , th e  
sc a tter ed  e lec tr o n  m o m e n tu m  can  be ca lcu la ted  and com p ared  w ith  th e  m easu red  on e. T h e  
ratio  o f  th ese  tw o  value's g ives a correction  factor w hich  d ep en d s so le ly  on  th e  a n g les  0  an d  
0  in th e  lab  fram e an d  th erefore can  be a p p lied  to  o th er  target d a ta  a s w ell. A d eta iled  
d escr ip tio n  o f  th is  p roced u re  is g iven  in [80] an d  in cluded  in a p p e n d ix  A.
T h e  e lec tro n  m o m e n tu m  correction s w ere less than  3 %. ty p ic a lly  1 2 %.
4 . 6  E l e c t r o n  F i d u c i a l  C u t s
For e lec tro n  id en tific a tio n , in m ost cases, valid  sign a ls in a ll four d e te c to r s  are required. 
E lectron  det(*etiou e ffic ien cy  arou n d  th e  u iid  p la n e  in each  sec to r  is re p r o d u cib le  in th e  G SIM  
s im u la tio n s . D u e to  th e  co m p lic a te d  readout stru ctu res o f  e lec tr o m a g n e tic  ca lo r im eters an d  
C eren kov co u n te rs , d e te c tio n  an d  reco n stru ctio n  efficien cies are not w ell u n d er sto o d  in th e  
reg ion s c lo se  to  th e  to ru s co ils , an d  close  to  th e  dead  ch an n els  o f  d e te c to r  e lem en ts . In order  
to  m in im ize  sy s te m a t ic  u n certa in ties  in th e  p h ysics a n a ly sis  it is im p o rta n t to  a ccep t ev en ts  
in th e  fidu cia l reg ion  o f  th e  d etec to r , w here efficien cies are flat an d  u n d er sto o d . F id u c ia l 
cu ts  d efin e a  reg ion  in (9.  0 )  sp a ce  for a g iv en  m om en tu m , w here d e te c t io n  efficien cy  is 
a lm o st co n sta n t w ith  c> an d  can  b e rep rod u ced  in s im u la tio n s. T h e se  fu n c tio n s  d ep en d  on  
th e  a ctu a l run c o n d itio n s  (b ad  ch an n els, target p o sitio n , trigger, e t c .) .  T h e  p roced u re o f
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d er iv in g  th e  fid u cia l cu t fu n ctio n s for ’’ t .1 1 ta r g e t, at 4 .4  G eV  b eam , w ith  no C’erenkov  
co u n ters  in  th e  trigger is p resen ted  in d e ta il in [81] a n d  a p p e n d ix  B.
4 . 7  P r o t o n  I d e n t i f i c a t i o n
T h e  C’L A S  a llo w s sep a ra tio n  o f  p ro ton s an d  kaons for m o m e n ta  up to  1.6 G e V /c  an d  o f  pro­
ton s a n d  p io u s  up  to  3 G e V /e .  For th e  present a n a ly s is  o u r  m ain  con cern  is co n ta m in a tio n  
o f  p ro to n s w ith  p ions.
P r o to n s  are id en tified  bv th e  charge an d  m o m e n tu m  m easu red  u sin g  th e  track len g th  
p rov id ed  by th e  D C  track in g  and  th e  tirne-of-flight m ea su red  at th e  S C . T h e  final roo tD S T  
stores th e  , i an d  th e  m o m en tu m  o f  th e  p article . A p o s it iv e ly  ch arged  p a rtic le  is id en tified  as 
a p ro ton  if  it 1i ;ls th e  sm a lle st  -  p /  v V J +  m 'l com p ared  to  rr^. A'"- or d eu teron .
w here p  is th e  m o m en tu m  m easu red  by th e  track in g .
In figu re 4 -17  o n e  ca n  see  th at th e  band s for p r o to n s  an d  p ion s are c lea r ly  v is ib le  an d  
well se p a r a te d . T h is  sep a ra tio n  is d o n e  in tin* low er level softw are [68. 109] an d  we use th e  
resu lt. A m ore rigorou s p roton  se lec tio n  can  b e d o n e  u sin g  a d E / d x  cu t b ut th is  w ould  be  
b eyon d  th e  p rec ision  req u irem en ts o f  th e  present a n a ly s is .
4 . 8  V e r t e x  C u t s
T h e  tw o  ta rg e ts  d iscu sse d  in se c tio n  3 .4  are d ifferen t from  o n e an oth er  in  m an y  resp ects.
T h e  ca r b o n  I-iC  target is a g ra p h ite  sq uare less th a n  1m m  th ick , sh ifted  by a p p r o x im a te ly  
5.5  cm  d o w n stre a m  from  th e  cen ter  o f  th e  d e tec to r , d o w n str e a m  o f  th e  liq u id  ta rget cell. T h e  
b eam  th a t  p a sses  th ro u g h  th is  target sc a tter s  b e fo re  on  th e  e m p ty  cell an d  g iv e s  sp u r iou s  
b ack grou n d . T o e lim in a te  th is  b ackground  w e u se d  track in g  in form ation  to  recon stru ct
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Figure -1-17: Plot of .i versus momentum for positive tracks in CLAS. Notice the clear separation 
between and protons, h  " are too faint to be seen on this plot.
the reaction  v er tex  an d  m atch  th is  w ith  th e  p h y sic a l p o s it io n  o f  th e  ta rg et. F ig u re  -1-18 
illu stra tes  th e  s te p s  o f  th is  p rocedu re. On th e  e lec tr o n -p r o to n  c -vertex  d is tr ib u tio n  in (a) 
we id en tify  th e  m ost in te n se  ridge as the l~C target an d  th e  faint h an d s ;is (from  to p  to  
b o tto m ) th e  h eat in su la tio n  an d  th e  o u tp u t an d  in p u t w in d o w s o f  th e  e m p ty  liq u id  target 
cell. T h en  it is  s im p le  to  fit th e  u p p erm ost ridge (b) a n d  cu t arou n d  it. Sul>-figure (ci) sh ow s  
th e a c c e p ta b le  region , w h ere V Z .e  and Y Z .p  s ta n d  for th e  ^ -p rojection  o f  th e  e lec tr o n  and  
p roton  re co n stru c ted  v er tex , resp ectively .
T h e  s itu a tio n  is s lig h t ly  d ifferent in th e  ca se  o f  th e  h e liu m  target. T h e  1JC ta rg et Hips 
out o f  th e  b e a m lin e  b u t w e h ave th e  cell w in d ow s a n d  h eat sh ie ld  to  w orry a b o u t n ow . s in ce  
the b eam  p a sses  th ro u g h  th em  before and a fter  s c a tte r in g  on  th e  'H e n uclei. T o  en su re  
that th e  e le c tr o n -p r o to n  pairs d e tec te d  o r ig in a te  in th e  ta rg e t, we u sed  th e  e m p ty  target




Figure 4-18: Scjli<i Target: The intense hand in (a) is the lJC' target whilst the three faint hands 
are the walls of the liquid target cell and the insulation. We fit the ridge of  the 2-d distribution (b) 
and cut 0.3 cm under and above it. The center is determined by the fit in (c) which gives a vertex 
resolution n, = 4.3 nun.
d a ta  taken w ith  th e  sa m e  ce ll to  id en tify  th e  con tr ib u tion  from  th e  ce ll m a ter ia l. S im ilar  to  
th e  ease  o f  lJC  ta rg e t, o n e  can  recogn ize  in figure 4- 19(a) th e in su la tio n  an d  th e  in p u t and  
o u tp u t  w in d ow s (in  th is  order, from  to p  to  b o tto m ). S am e f it-a n d -cu t p roced u re  product's  
th e  resu lt in  F ig . 4 - 19(d).
4 . 9  B e a m  C h a r g e  A s y m m e t r y
T h e  b eam  ch arge a sy m m e tr y  (B C A ) is d efined  as th e  ratio  o f  th e  n o rm a lized  b eam  in ten ­
s it ie s  for th e  tw o h e lic itie s . T o en su re  th at in tegrated  currents for th e  tw o  h e lic ity  s ig n s art*
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VZ_«- V2 p (cm)
Figure 4-19: Liquid Target: the three visible bands in (a) are the thermal insulation and the target 
walls (in this order, from top to bottom). The position of the ridgt^s in (b) and (r) is determined by 
a slice fit of the 2-d distributions. The cuts are positioned 3 mm inside the walls (d).
eq u a l to  each  o th e r  a n d  to  correct any p o ss ib le  //-offset in ou r a sy m m e tr y  m ea su rem en t, we 
c a lc u la te d  th e  b ea m  ch a rg e  a sy m m e tr y  on  a run by run b a sis  an d  co rrected  ou r d a ta  for it.
W e c a lcu la te  th e  B C A  u sing  th e  in c lu siv e  ( c .e ' )  e lec tro n  y ie ld s  at p o s it iv e  (.V0~) and  
n e g a tiv e  ( N ~ )  b ea m  h e lic it ie s  for each  run:
A q = ‘^ z  (4.1G)
T h is  m eth o d  is b a sed  u p o n  tin* fact th a t th e  in c lu siv e  ( e .e ' )  c r o ss-sec tio n  h as no h elie ity  
d ep en d e n c e . A n o th er  w ay to  ex tra ct th e  B C A  w ou ld  be u sin g  th e  F araday cu p  read in gs, b ut
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th is  w as found to  d ep en d  o n  various b eam  p aram eters in c lu d in g  th e  b eam  curren t an d  th e  
reso lu tio n  o f  th e  charge in teg ra to r  used to  d ig it iz e  th e  Faraday c u p  sig n a l [83}. F igu re 4-20  
sh o w s th e  run bv run v a lu es o f  th e  b eam  ch arge a sy m m e tr y  m ea su re  u sin g  in c lu siv e  ( e .e ' )  
ev e n ts .
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Figure 4-20: Bearn Charge Asymmetry (BCA) for the whole F.2A run period. The error bars are 
statistical.
In th ese  co n d itio n s . e q .(2 .1 5 )  is w ritten  tis:
=  -  y » -  ,4 .1 7
P[i d'rr  - +  A q ({ '(7
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'H e T arget
S tep E beam  (G eV ) 2 .261 4.461
T o ta l T riggers 310  M 442 M
I R ec o n stru c te d  E ven ts 113 M 102 M
2 E v en ts  a fter  e lec tro n  se lec tio n 83 M 51 M
3 N u m b er o f  e p  co in c id en ces 17 M 6 M
4 Q u a s ie la s t ic  ( e . r ' p ) 3 .8  M 1 /3  M
5 C a lc u la te d  p o in ts  (DVVIA +  R M S G A ) 486 324
lJC T arget
S tep E(*.„m (GeV ) 2.261 4.461
T ota l T riggers 3 2 3  M 3 4 6  M
1 R ec o n stru c te d  E ven ts 98 M 66 M
2 E v en ts a fter  e lec tro n  se lec tion 71 M 33 M
3 N u m b er o f  r p  co in c id en ces 17 M 6 M
4 Q u a s ie la s t ic  ( r . r ' p ) 2 .7  M 1 /4  M
5 C a lcu la ted  p o in ts  (O M E A  +  R M S G A ) 666 441
Table 4.3: Tht‘ 'He and 1JC data .samples (M stands for 'm illions'). Theoretical calculations were 
added ;ls number of kinem atieal points com puted. Each th«*oretical point requires 10 to 20 minutes 
of CPU time.
4.10 F i n a l  D a t a  S t a t i s t i c s
VVe p resen ted  th e  raw d a ta  sa m p le  at th e  b eg in n in g  o f  th is  ch a p te r  a n d  th e n  w e d escrib ed  the  
cr iter ia  u sed  to  se lec t  c lea n  p h y s ic s  ev en ts . T ab le 4.3 su m m a rize s  th e  su rv iv in g  s ta tis t ic s  at 
various step s  in th is  p rocess a n d  figures 4-21 to  4-28 sh ow  th e  ( c . r ' p )  a cc ess ib le  k in em atics.
T h e  q u a s ie la s tic  k in e m a tic s  req u irem en t im p lies th a t th e  en erg y  an d  m om en tu m  o f  the  
v irtu a l p h o to n  can  b e tran sferred  to  a  s in g le  nucleon , th e  e je c ted  p ro to n . For se lec tin g  th is
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regim e, w e u se th e  co n d itio n  uq <  jj <  w here th e  lim its  are
=  ( 1 /2  -  a i ) Q 2/ m p 4- S E
a,'-, =  ( 1 /2  +  a 2 )Q'2/ m p +  ± E  (4 .1 8 )
w ith  a t  =  0 .2 . a i  =  r i j / [ l  +  1 / [2( 1 4- 1/2*)]] ~  rij tak en  s im p ly  for sy m m e tr y , .and A E  is 
a  sh ift d u e  to  th e  m o m en tu m  d ep en d e n c e  o f  th e  n u c leu s-n u cleo n  p o te n tia l, taken  ecpial to  
0 .03  GeV'. In o th e r  w ords, we sy m m e tr ic a lly  cu t on  o n e  s id e  an d  th e  o th e r  o f  th e  q u a s ie la s t ic  
ridge uj =  Q ~ / 2 r n p +  A £  (h is to g ra m s (f) in figures 4-21 to  4 -2 4 ). T h e  cu t in  (4 .1 8 ) is ro u g h ly  
eq u iva len t to  0 .7  <  x n  <  1.6. w h ere x h  is th e  B jorken variable. F igu res 4-25 to  4 -2 8  sh ow  
tin* q u a s ie la s tic  sp ec tr a  d efined  w ith  (4 .1 8 ). At s te p  4 in ta b le  4 .3  a cu t on th e  m iss in g  
en ergy
E m <  0.1 GeV' (4 .1 9 )
is ad d ed  to  co n d itio n  (4 .1 8 ). T h is  cu t is not sh ow n  in figures 4-25 to  4-28 .
T h e  effect o f  fidu cia l cu ts  on  ou r d a ta  sa m p le  w as s tu d ie d . T h e  fid u cia l cu ts  red u ce
th e  s ta t is t ic s  to  a lm ost h a lf (see a p p e n d ix  B ). w h ile  no v is ib le  im p rovem en t in th e  d a ta
se lec tio n  is o b ta in ed . T h erefore, fid u cia l cu ts  w ere not u sed  in th e  p resen t m ea su rem en t o f  
th e  b ea m  h e lic ity  asym m etry .
W e n eed  to  m ake a  n o te  th a t no rad ia tive  correction s w ere ap p lied  to  our d a ta  s in c e  th e  
s ta t is t ic s  are low  an d  w e in tegra te  over a large m issin g  en erg y  range (ra th er  th a n  se p a r a tin g  
th e  ,s an d  p  sh e lls  in l2C ).
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Figure 4-21: Accessible spectra for *He(f. r'/d at 2.261 GeV beam energy: (a) missing energy E,n . 
(b ) missing energy vs. missing momentum p m . (c) polar angle 0p,t versus missing energy (d) 
polar angle tip!f versus missing momentum (e) invariant mass IF for the (c.c'p) reaction and (f) 
Q -  versus distribution.
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Figure 4-22: Accessible spectra for 'He(e.e'/)) at 4.461 G e \ beam energy: (a) missing energy E m . 
(b) missing energy vs. missing momentum p m . (r) polar angle 0pq versus missing energy E,n . (di 
polar angle 0pq versus missing momentum (e) invariant mass U for the ( r . r ' p)  reaction and (f) 
Q - versus distribution.
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Figure 4-23: Accessible spectra for l~C[ t . f ' p )  at 2.261 G e \ beam energy: (a) missing energy E m. 
(b) missing energy vs. m issing m om entum  p,n. (c) polar angle 6pi1 versus m issing energy E m. (il) 
polar angle tip,, versus missing momentum  p m. (e) invariant imuss 11 for the ( r . i ' p)  reaction ami (t) 
Q 2 versus ^  distribution.




























Q (G •V /e1)
::
"  (G«V)
Figure 4-24: Accessible spectra for 1 -C («.»'/>) at 4.461 GeV beam energy: (a) m issing energy E m.
(b) m issing energy vs. m issing momentum p m. (c) polar angle Bpq versus missing energy E m. (d) 
polar angle 0p<l versus m issing inomentuin p m. (e) invariant mass U' for the (r.r'p ) reaction and (f) 
Q *’ versus v  distribution.
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Figure 4-25: Quasielastic spectra for *H e(e.e'p) at 2.261 GeV. obtained with eq.(4.1S): (a) missing 
energy £ m, (b) missing energy vs. m issing m om entum  prri. (c) polar angle 0pt/ versus m issing energy  
£m . (<D polar angle 6pq versus m issing m om entum  p m . (e) invariant rmiss U* for the (e .c 'p ) reaction 
and (f) Q-  versu s*’ cut. The E m cut (4.19) in not shown. Compare to figure 4-21.
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Figure 4-26: Q uasielastic spectra for l He(e.e'/>) at 4.461 GeV. obtained with eq.(4.1S): (a) m issing  
energy E m. (b) m issing energy vs. missing momentum  p m , (c) polar angle 0pq versus m issing energy 
E*m. (d) polar angle 6ptJ versus missing momentum (e) invariant mass \V  for the (c .c 'p ) reaction  
and (f) Q~ versus*,1 cut. The E m cut (4.19) in not shown. Compare to figure 4-22.
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Figure 4-27: Q uasielastic .spectra for 1JC(r.e'/>) at 2.261 G eV . obtained with o<|.(4 .IS): (a) missing 
energy E m. (b) m issing energy vs. missing m om entum  p m. (c) polar angle 0M versus m issing energy 
E m. tcl) polar angle 0pi) versus m issing m omentum  p,n . (e) invariant mass IF for the (c . c ' p ) reaction 
atui (f) Q-  versus .j  cut. The E,n cut (4.19) in not shown. Com pare to figure 4-23.
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Figure 4-28: QuasiHastic spectra for at 4.461 G e \ . obtained with cq.(4.18): (a) missing
energy (b) missing energy vs. missing momentum  (e) polar angle #,„( versus m issing energy 
£ m. (cl) polar angle f)p,t versus m issing momentum p m . (e) invariant mass U for the (e.t-'p) reaction  
ami (f) Q 2 versus ~ cut. The E,„ cut (4.19) in not shown. Compare to figure 4-24.
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4.11 S t a t i s t i c a l  a n d  S y s t e m a t i c  U n c e r t a i n t i e s
In th e  a sy m m e tr y  m easu rem ent m ost o f  th e  s y s te m a t ic  u n certa in ties  re la ted  to  th e  ex p e r i­
m en ta l se tu p  are d iv id ed  o u t. T h e  o n ly  c o n tr ib u tio n s  are from  th e  s ta t is t ic a l errors on  th e  
nu m b er o f  c o u n ts  an d  the u n certa in ty  in th e  m ea su rem en t o f  b eam  p o la r iza tio n .
T o m easu re th e  h elic ity  b ea m  a sy m m e tr y  d efin ed  in eq u ation  (4 .1 7 ) . w e c a lc u la te  for 
each  S u . \ \ Q 2A 9 pqAc>pq b in  th e  ratio
.1,
■V- -  .4 q  .V 
A + .4/j A
4.20)
w h ere \ *  an d  A '  art*, resp ective ly , th e  num ber o f  ( r . r ' p )  ev en ts  w ith  p o s it iv e  an d  n eg a tiv e  
h e lic ity  w ith in  th e  chosen  k in em a tic  b in  an d  .4 g  is th e  beam  charge a sy m m e tr y  (B C A )  
co rrectio n  d efin ed  in section  4.0. T aking in to  a cc o u n t th a t our m e;isured a sy m m e tr ie s  are  
ty p ic a lly  b elow  0 .0 5 . on e can  co n fid en tly  a p p r o x im a te  A'~ ~  A’ ~ =; A /2  an d  th en  th e  to ta l  
s ta t is t ic a l error can  be exp ressed  as:
('U rn )2 = ( i -  -4r» 
.v
Ac
:i + - .4 o F
(4.21)
A s d escr ib ed  in se c tio n  4 .9 . th e  b eam  ch arge a sy m m e tr y  A q  is ca lcu la ted  u sin g  in c lu siv e  
(e . c')  y ie ld s , ty p ic a lly  w ith  3 4 ord ers o f  m a g n itu d e  h igh er s ta t is t ic s  th an  .V. T h e  error on  
.4^  is in gen eral m uch less th an  on e percen t w h ile  .4 y  is a num ber very c lo se  to  I. T h e n  its  
co n tr ib u tio n  can  b e n eg lected  an d  o n e  rem ain s w ith
6 A m =  U d  -  -4/n )/'.Y (4 .22)
w h ich  is d o m in a ted  bv th e l / .Y  d ep en d en ce .
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T h e  form ulas ab ove w ere o b ta in ed  a ssu m in g  that th e  y ie ld s  .V~ an d  o b ey  a P o isson  
d is tr ib u tio n . T h is  is tru e in  prac t ice  a lth o u g h  it was argu ed  th a t th e  tw o  y ie ld s sh o u ld  be  
d esc r ib ed  by a b in om ia l d is tr ib u tio n  [84]. W e cou n t th e  h — 4-1 an d  h — - 1  ev en ts  sep a­
rately. w ith  no co n stra in ts  im p o sed  on th e  su m  .V =  .V * -t- .V ' .  H ow ever, th e  tw o m eth o d s  
to  c a lc u la te  th e  s ta tis t ic a l errors con verge tow ards th e  sa m e  resu lt w h en  th e  a sy m m e tr y  is 
very sm all:
Since' th e  m easu red  a sy m m e tr ie s  are a lw ays b elow  0 .05 . th e  ra tio  in eq . (4 .23 ) is som ew h ere  
b etw een  0 .9975  an d  1.
T o accou n t for th e  p artia l p o lar iza tion  o f  the in cid en t b eam , th e  m easu red  a sy m m etry  
.4,,, is sc a led  by the' b eam  p o la r iz a tio n  P/j to  ob ta in  the* tru e a sy m m e tr y  A'l v :
The* to ta l  error in th e  m easu rem en t o f  A't j  is com p osed  o f  the* s ta t is t ic a l  e*rror on  .4,,, and  
th e  u n c er ta in ty  in trod u ced  b y  th e  p o la r iza tio n  m easu rem ent:
T h e  b ea m  p o la r iza tio n  w as m easu red  to  b e 0 .63  w ith  a re la tiv e  error o f  ap p ro x im a te ly  5% 
(a p p e n d ix  C ). T h e  s ta t is t ic a l error on .4m is never b e tte r  th a n  20%.
E q u a tio n  (4 .25 ) refers to  th e  error on  A \  T for a ch osen  A<ppq b in . H ow ever, it is not 
th ese  q u a n tit ie s  th a t are rep o r ted , but th e  result o b ta in ed  by f itt in g  th e  A'LT versus <pp<l 
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F ollow in g eq u ation  (2 .1 6 ) . o n e  w ou ld  have to  fit th e  .1 [ p  versus o pq d e p e n d e n c e  w ith  a  
th ree-p aram eter  fun ction :
■^LT^pg) -  nl T’ sin ^pg/(1 + a l.T COS 0pq + u t t  <‘os 2Op,.) (4.26)
a . = i ' J J U ' l J i  + i r f r )  k =  T T . L T . l T  (4.27)
w here (iLT’ -a i:r  nnd a p r  nre th en  re la tiv e  s tr e n g th s  w ith  resp ect to  th e  d ir e c t  part: c / / /  ±  
' T / r -
W h en  th e  a sy m m etry  s ig n a l is w eak, th e  effect o f  th e  co s in e  term s in  th e  d en o m in a to r  
o f  (4 .2 6 ) is u n n o ticea b le . T h ere  are cases, th o u g h , w here th e  d e fo rm a tio n  o f  th e  s in u so id
is v is ib le  w ith  th e  naked eye . as illu stra ted  in F ig .4-29. T h is  figure sh o w s  a co m p a riso n
b etw een  fits m ade w ith  th e  th ree  p aram eter fu n ction  from  (4 .26 ) a n d  a o n e-p a ra m eter  
fu n ctio n
. 4 ) r (0p,; ) =  A  s in  0 Pg (4 .28)
T h e  f itt in g  a lgorith m  u sed  is M IN U IT  em b ed d ed  in th e  R oot package [101].
In grap h  (a) from  figure 4 -29 . th e  fit resu lt for A / p  is - 0 .0 2 3  ± 0 .0 0 5 .  For (b ) . th e  va lu e  
o f  A t p  (a n  b e ca lcu la ted  from  th e  fit p aram eters as .4 / p (0 pq =  90") =  u / . /  ' / f  1 ~ <ll 'r )-  T h e  
va lu e o b ta in ed  is - 0 .0 2 3  ±  0 .0 2 5 . i.e . w ith in  1 2 % d ifferen ce b ut w ith  a  m uch  larger error  
bar. G rap h s (c) and (d) sh ow  a n o th er  case. T h e  (c) fit g ives  A'( r  =  - 0 .0 1 7  ± 0 .0 0 3 5  an d  
from  (d ) on e o b ta in s  A'LT =  - 0 .0 1 5  ± 0 .0 0 5 9 . T h e  tw o values are w ith in  12 % d ifferen ce but 
w ith  error bars o f  20% an d  40% . resp ective ly . T h e  p aram eters th at are in  th e  d en o m in a to r  
o f  (4 .2 6 ) prove rather d ifficu lt to  fit: a p t  w as o b ta in ed  w ith  a  47% u n c e r ta in ty  w h ile  
da i t  ~  200% .
B ased  on th ese  and o th e r  ca ses s tu d ie d , w e co n clu d ed  th a t th e  c o n tr ib u t io n  o f  th e
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a i r  and a n  term s to  th e  a sy m m etry  a m p litu d e  fit ran  he n eg lected  an d  th e  s im p ler  
p a ra m eter iza tio n  from  eq .(4 .2 8 )  can  be u sed . T h e  s ta tis t ic a l error is m in im ized  w h ile  th e  
s y s te m a tic  error in tro d u ced  b y  th is  a p p ro x im a tio n  is n eg lig ib le .
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Figure 4-29: Polar angle dependence of the A't ,:  com parison between fits done with a sinusoid (a.c) 
and with the function from equation (4.26) (h.d).
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CHAPTER 5
R e su l t s  a n d  D is c u s s io n
In th is  ch a p ter  we present tin* resu lts  o f  ou r m easu rem en ts. W e c o m p a re  th e  q u a sie la stic  
d a ta  w ith  th eo retica l ca lcu la tio n s b ased  on  th e  m o d e ls  in tro d u ced  in ch a p te r  2. W e then  
d e d ic a te  a sec tio n  to  th e  stu d y  o f  A'r r  varia tion  across a w id e m iss in g  en erg y  range. T h e  
ch a p te r  c lo ses  w ith  con clu sion s an d  an  o u tlo o k .
T h e  m easu red  asy m m etr ies  are co m p a red  w ith  th ree th eo re tica l m o d e ls . T h e  tra d itio n a l 
co m p a riso n  w ith  D W IA  em p loys c a lc u la t io n s  p rov id ed  by I. K elly  [87. 52]. T h e  o th er  two  
s e ts  o f  c a lcu la tio n s  - O M E A  and R.M SG A - used  co d es  p rovid ed  by tin* G en t grou p  [23. 43. 
50]. A ll th ree  m od els were rev iew ed  in ch a p ter  2. For th e  O M E A  an d  R M S G A . b o u n d -sta te  
w a v efu n ctio n s  (b sw f) are ca lcu la ted  w ith in  th e  c o n tex t o f  a m ea n -h eld  a p p r o x im a tio n  to  the  
o  — jj m o d e l [89. 90]. W ith  th e  D W IA . th e  N L S H  b o u n d -sta te  w a v efu n ctio n  [91] was used. 
B o th  D W IA  an d  O M E A  carbon  c a lc u la t io n s  arc b ased  on  th e  E D A IC  o p tic a l p o te n tia l o f  
C o o p e r  r t  al .  [47]. In all ca lcu la tio n s , th e  r rr_> h ad ron ic  current o p e r a to r  (2 .21 ) an d  the  
C o u lo m b  g a u g e  (2 .22) were used . E x c ep t in  th e  D W IA . th e  e lec tr o n  d is to r t io n  has been  
n e g le c te d , s in ce  its oHW*t for nuclei as ligh t as th e  ^He an d  12C is very  sm a ll.
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5 . 1  R e s u l t s
M ea su rem en ts  in th e  q u a s ie la s tie  reg ion  are su m m a rized  in ta b le s  5 .3 to  5 .6  and th e  cor­
re sp o n d in g  p lo ts  are p resen ted  in figures 5-5 to  5-13 . At 2 .2  G e Y  b eam  energy, th e  four- 
m o tn en tu m  ran ge in v estig a ted  sp a n s from  0 .3 5  to  1.80 G eY * /c*  an d  at 4.4 G oV  from  0 .80  
to  2 .4 0  G e V ‘ /c * . E ach o f  th ese  in terva ls is d iv id ed  in four Q~ b in s, a ccord in g  to  ta b le  5 .1 .
T h e  lJC  q u a s ie la s tic  d a ta  is a cco m p a n ied  by O M E A  c a lcu la tio n s  at a ll k in em a tic s  and  
by R M S G A  ca lc u la t io n s  at h igh  Q~,  w here th e  la tte r  m od el is a p p lica b le . T h e  'H e d a ta  is 
c o m p a red  w ith  R M S G A  an d  DW TA. T h e  th eory  cu rves are o b ta in e d  bv in terp o la tin g  p o in ts  
c a lc u la te d  by form ula  (5 .9 ) . T h e  in te rp o la tio n  fu n ctio n  used  is a cu b ic  sp lin es. T h e  error 
b ars sh o w n  on  th e  d a ta  p o in ts  are p u rely  s ta t is t ic a l,  as th ey  are on  a ll th e  grap h s p resen ted  
h en cefo r th . T h e  sy s te m a tic  error to  be ad d ed  in q u ad ra tu re  is o f  a  few  percen t (see se c tio n  
4 .1 1 ).
T a b les  5 .3  to  5 .6  can  b e  used to  s tu d y  th e  varia tion  o f  A'[ r  w ith  m issin g  m om en tu m . 
F igu res 5-9  to  5-13 sh ow  th e se  d ep en d e n c ie s .
T h e  m iss in g  en ergy  d ep en d e n c e  o f  A'[ { is ex p lo r ed  up to  1 G e V . T h e  d a ta  are ta b u la ted  
in  ta b le s  5 .7  an d  5 .8  .and p resen ted  in figures 5-14 an d  5-15.
T h e  m easu red  .asym m etries an* o f  th e  order o f  a few  p ercent b u t th e  exp erim ented  p o in ts  
fa ll c lo se  to  th e  p red ic tio n s  o f  theory: h igh er s ta t is t ic s  an d  a larger a cc ep ta n c e  range w ould  
b e  requ ired  to  really  co n stra in  th e  m od els.
5 . 1 . 1  P o l a r  a n g l e  d e p e n d e n c e
To m ake a co n n e c tio n  w ith  th e  p rev iou s e x p e r im e n ts  [24. 25]. th e  first varia tion  s tu d ie d  is 
th a t  o f  .4 / r  w ith  th e  p o lar  an g le . A s a rem in d er , th e  polar a n g le  Opq w as d efined  as th e  
a n g le  b etw e en  th e  d ire c tio n  o f  q  an d  th e  m o m e n tu m  p  o f  th e  e je c ted  p roton . m e;isured  in
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th e  lab oratory  fram e (see figure 2 -2 ). In creasin g  p olar an g le  is a cc o m p a n ied  bv increasing  
m issin g  m om en tu m .
F igu re 5-5 p resen ts  th e  4H e d a ta  at 2 .2  G eV  b eam  energy. T h e  Q~  in terval was sp lit 
in four b ins, each  0 .3 6 0  G e \ ' 2/ c 2 w id e. T h e  figure co n ta in s four p lo ts , accord in g  to  th is  
d iv is io n . D W IA  c a lc u la t io n s 1 acco m p a n y  th e  d a ta  for a ll four Q 2 b in s. T h e  R M S G A  curves 
are d raw n  on ly  for th e  q >  1 G e V /c  reg ion s, s in ce  th e  R M S G A  p a ra m eters (a p p en d ix  D .l)  
can  not b e sa fely  e x tr a p o la te d  at lower m o m en tu m  transfers.
T h e  d a ta  are ch a ra c ter ized  by sm a ll s ta t is t ic a l errors at sm all a n g le s , w here th e asym ­
m etries are p ro p o rtio n a l to  s in # ,,,,. T h e  errors in crease w ith  th e  a n g le , s in ce  th e  s ta tis tic s  
are p oorer at h igh er 0 pq.
T h e  a sy m m etry  is p o s it iv e  at low er an g les , has a m axim u m  an d  th en  d ecreases toward  
n eg a tiv e  values at h ig h  0pq. T h e  m a x im u m  is lo ca ted  at 24" on p lot (a) a n d  m igrates toward  
low er an g les w ith  in crea sin g  Q 2.
Q u a lita tiv e ly , b o th  m o d e ls  rep rod u ce th e  fea tu res o f  th e  d a ta . Q u a n tita tiv e ly , the DW IA  
o v erestim a tes w h ile  R M S G A  u n d er estim a te s  th e  features. W e m ust m en tio n  th a t a com ­
p arison  o f  the m o d e ls  w ith  th e  d a ta  at h igh  0pq m ust be v iew ed  in th e  ligh t o f  th e  d iscu ssion  
from  su b sectio n  2 .7 .1  w h ere w e have seen  th a t at h igh  0pq. co r re sp o n d in g  here to  large 
m issin g  m o m en tu m , m u lti-n u c leo n  co n tr ib u tio n s  b ecom e d om in an t.
T h e  4.4 G eV  h e liu m  d a ta  are p resen ted  in figure 5-6 an d  listed  in ta b le  5 .4 . T h e  s ta tis tic s
are low er for th is  d a ta  s e t . co m p a red  w ith  th e  2.2 G eV  se t. T h o u g h  less  v is ib le , the sam e
ev o lu tio n  o f  .4', T is  p resen t here: lo ca ted  at a b o u t 15° in  p lot (a ), th e  m a x im u m  travels to
low er an g les w ith  in crea sin g  Q 2. T h e  large s ta tis t ic a l u n certa in ties d o  n ot a llow  for a good
co m p a riso n  b etw een  th e  tw o m o d e ls  in  th is  case.
‘the DWIA calculation is presented with a sign opposite to that of its author
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T h e  se t p resen ted  in figure 5-7 is th e  '-’C  a t 2 .2  G eV . w hich  can  he sa id  is our b e s t  d a ta  
se t. H igh er s ta tis t ic s  en a b le  a m ore a cc u r a te  co m p a riso n  b etw een  m easu rem en t an d  theory. 
T h e  d a ta  e x h ib its  n ega tive  a sy m m e tr ie s  at low  0pq an d  th en  in tersects  zero  severa l tim es. 
T h e  m ain  fea tu re is th e  stro n g  p o s it iv e  m a x im u m , s im ilar  w ith  w hat we h ave seen  on  th e  
4 H e d a ta .
T h e  C L A S  m issin g  en ergy  reso lu tio n  d o es  n ot a llow  a sep a ra tio n  o f  th e  s -  an d  />-shells 
in th e  l2C d a ta , as o n e  cou ld  d ed u ce  from  co m p a rin g  sp e c tr a  from  se c t io n s  2.7.1 a n d  4.10. 
T h is  sep a ra tio n  w ould  recpiire a reso lu tion  o f  b e tte r  th an  10 M eV . In th e se  c o n d itio n s , the  
c a lcu la tio n s  p resen ted  corresp on d  to  a m ix tu re  o f  s an d  p  co n tr ib u tio n s , in  th e  a ssu m p tio n  
o f  fu lly  o ccu p ied  sh ells. T h e in terp lay  b etw een  th e tw o sh e lls  is im p o r ta n t, s in c e  th ey  
co n tr ib u te  w ith  o p p o site  s ign s, as illu stra te d  in figure 5-4. H ow ever, th e  d a ta  an d  th eory  
b o th  sh ow  that th e  />-shell co n tr ib u tio n  is larger.
T h e  O M E A  sh ow s very g o o d  agreem en t w ith  th e d a ta . W ith  regard to  th e  p o s it io n  o f  
th e  m ax im u m , th e agreem en t im proves w ith  Q~.  W ith  regard to  its va lu e, th e  m a tch  is 
even  b e tte r . T h e  R M S G A  sh ow s a m a x im u m  o f  a b o u t th e  sa m e m a g n itu d e  w ith  th e  d a ta  
an d  th e  O M E A  but it o v ersh o o ts  its  p o s it io n  on  th e lower p lo ts  O n  (d ). it w ou ld  be  
hard to  g iv e  a verdict.
T h e  a sy m m etr ie s  for th e  4 .4  G eV  l -C  d a ta  set are p lo tte d  in figure 5-8 anti lis te d  in 
ta b le  5 .6 . A com p arison  b etw een  th e  tw o m o d e ls  is m ad e d ifficu lt by th e  large s ta t is t ic a l  
u n certa in ties .
5 . 1 . 2  M i s s i n g  m o m e n t u m  d e p e n d e n c e
D a ta  from  ta b le s  5 .5  to  5 .6  can  a lso  b e u sed  to  illu stra te  th e  m issin g  m o m en tu m  d e p e n d e n c e  
o f  A'i j  . F igu res 5-9 to  5-13 sh ow  th e  co rresp o n d in g  p lo ts . T h e  p roced u re em p lo y ed  to  draw
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th e  th eo re tica l cu rves rem ain s tlie  o n e  d escr ib ed  in se c tio n  5.2.
T h e  p rn d ep en d e n c e  o f  ,4'r ;  is easier  to  in terp re t. T h e  in terference m a x im u m  d iscu sse d  
in th e  p rev iou s sec tio n  is s ta tio n a r y  in p m c o o r d in a te s , loca ted  at ab ou t 0 .3 0 0  G e Y /e .
S om e co m m en ts  a b o u t th e  range o f  v a lid ity  o f  ou r m od els w ould  be a p p r o p r ia te  here. 
T h e  D W IA  an d  O M E A  are bast'd on  o p tic a l p o te n tia ls . T h ese  o p tica l p o te n t ia ls  are ol>- 
ta in ed  from  fits to  d a ta  up to  en erg ies o f  1.05 G e V . A bove th is en ergy  ran ge, w e u se  a 
co m p le te ly  u n tested  e x tr a p o la tio n  o f  a p h e n o m en o lo g ic a l o p tica l p o te n tia l w ell b ey o n d  its  
region  o f  ap p licab ility .
B esid es, at m issin g  m om en ta  ab ove  0 .3  G e Y /c  it is very likely that m ore co m p lic a te d  
reaction  m ech an ism s (ch an n el co u p lin g , tw o -n u c leo n  k nockou t, e tc .)  com e in to  play. T h is  
is illu stra ted  by th e  m easu rem en ts  o f  N. L iyan age  r t  al .  (F ig . 2-6) an d  th e  d isc u ss io n  from  
su b se ctio n  2 .7 .1 . ch ap ter  2. T h erefore , a co m p a riso n  o f  th e theory  w ith  th e  d a ta  ab ove  
0 .3  G e Y /c  m issin g  m o m en tu m  m ust be v iew ed  in th is  co n tex t. T h is  o b ser v a tio n  a p p lie s  to  
th e  9pq d ep en d e n c ie s  sh ow n  in th e  p rev iou s s e c t io n  an d  it exp la in s w hy c o n c lu s io n s  for the  
region  ab ove  15" were avo id ed .
T h e  fea tu res d iscu sse d  in se c tio n  5 .1 .1  are m o re  v is ib le  in m issin g  m o m en tu m . A lth o u g h  
th e  m a x im u m  is at th e  lim it o f  a p p lica b ility  o f  th e  m od el, it is in terestin g  how  th e  D W IA  
p red ic ts  th e  s tee p  in version  on  p lot (b) from  figu re 5-9.
R egard in g  th e  l“C 2.2  G eV  d a ta , a tren d  th a t  can  be d e a r ly  seen  o n  th e  p lo ts  in 
figure 5-12 is th a t th e  agreem en t b etw een  R M S G A  a n d  O M E A  im proves w ith  Q 2. T h is  is 
not u n e x p e c ted , s in ce  th e  d o m a in  o f  va lid ity  for R M S G A  is for fo u r-m o m en tu m  tran sfers  
o f  1 G e V J/ c J an d  ab ove. O M E A  is d esign ed  to  b r id g e  th e  low and high Q 2 reg im es.
C om p arin g  th e  carb on  an d  h eliu m  d a ta  s e ts ,  tw o  im p ortan t o b serv a tio n s can  b e m ade. 
B o th  se ts  fea tu re th e  s tro n g  in terferen ce m a x im u m  o f  ap p rox im ate ly  +5%  at 0 .3  G e \ / c
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iti m issin g  m o m en tu m . T h e  d ifference is th a t , w h ile  'H e stea d ily  rises from  zero values  
at p m - 0  G e Y /c .  th e  l*C d escen d s tow ard  n eg a tiv e  a sy m m etry  va lu es at low  m issin g  
m o m en tu m  an d  cro sses  zero b efore reaching th e  m ax im u m . T h e th eory  ex p la in s  th is  effect 
as d u e  to  the '*C  p -sh e ll co n tr ib u tio n . As it w as illu stra te d  in figure 5-4. th e  co n tr ib u tio n s  
o f  th e  s am i p  sh e lls  are o f  o p p o s ite  sign .
T h e  1.4 G eV  se ts  for b o th  ta rg ets  are co m p ro m ised  by large s ta t is t ic a l errors.
5 . 1 . 3  M i s s i n g  e n e r g y  d e p e n d e n c e
T h e  m issin g  en ergy  d e p e n d e n c e  o f  A'r r  was s tu d ie d  for an E m range sp a n n in g  up to  1 G eV . 
T h e  p lo ts  are sh ow n  in figures 5-14 and 5-15  a n d  lis ted  in tab les 5 .7  an d  5 .8 . T h eo r e tic a l 
ca lcu la tio n s  w ere not perform ed  here, th erefore th e  fo llow in g  p lo ts co n ta in  ex p er im en ta l 
d a ta  only.
T h e  m issin g  m o m e n tu m  ran ge was sp lit in tw o  bins: b in  1 is from  0 .0  to  0 .2 0 0  G e Y /c  
an d  bin  2 from  0 .2 0 0  to  0 .4 5 0  G e Y /c . T h e  w h o le  E m ran ge w;is sp lit in 10 eq u a l b in s 0 .100  
G eY  w ide, n u m b ered  from  0 to  9.
F igu re 5-14 sh o w s .4/ r  versu s E m for 'H e  . T h e  very first point on  a ll th e  p lo ts  cor­
resp on d s to th e  v a len ce  k nockou t k in em atics, in v estig a ted  in th e p rev iou s tw o  se c tio n s . In 
agreem en t w ith  w h at w e ob serv ed , th is low est E m d a ta  p oint sh ow s p o s it iv e  a sy m m e tr ie s  
for 'H e and a n eg a tiv e  a sy m m e tr y  in th e  ease  o f  '-’C  (figu re 5-15).
O n e com m on  fea tu re  o f  th e  tw o  d a ta  se ts . 'H e  an d  IJC . is the p o sit iv e  m ax im u m  s itu a te d  
arou n d  0 .250  G eY  in E m . p rob ab ly  co rresp o n d in g  to  th e  A  (1232) reson an ce  (see  sp ec tr a  
from  figures 4-21 an d  4-22).
T h e  p resen ce o f  th e  ca rb o n  p -sh ell can  b e a g a in  seen  on  figure 5 -1 5 .a. W h ile  th e  h eliu m  
d a ta  (F ig . 5 -1 4 .a) sh o w s a p o s it iv e  a sy m m etry  for th e  first m issin g  en ergy  b in . th e  carb on
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E n  =  2 .261  G eV E/j =  4.461 G eV
bin Qfn.n Qinas 1 Q L n ' f ,nnr
0 .3 5 0 0 .7 1 2 0 .800 1.200
2 0 .7 1 2 1.075 1.200 1.600
3 1.075 1.438 1.600 2.000
4 1 .438 1.800 2 .000 2.400
Table 5.1: Table explaining the Q 2 binning of the data used in tables 5.3 to 5.6 (Q2 is in GeV-’/r* ). 
Ple;ise refer to figures -4-21 to 4-24.
ex h ib its  a n eg a tiv e  a sy m m etry  at low  m iss in g  energy. From th e  previous su b se c tio n , we 
know  th a t th e  n ega tive  a sy m m e tr ie s  in tlie  first E rn b in in th e  **C are to  be a ttr ib u te d  to  
th e  p -sh ell co n tr ib u tio n .
5 . 2  C o m p a r i s o n  w i t h  t h e  T h e o r y
G iven  th e  large a ccep ta n ce  o f  ou r sp ec tr o m e te r , th e  d e tec to r  a ccep ta n ces d o  not ca n ce l 
o u t in th e  a sy m m etry  ratio  in a  tr iv ia l m an n er . T h is  se c tio n  ex p la in s  how th e  th e o re tic a l 
a sy m m e tr ie s  are con stru cted  in ord er to  en a b le  a rea lis tic  com p arison  betw een  th eo ry  an d  
m ea su re m e n t.
T h e  overall d a ta  b in n in g  sc h e m e  ch o sen  for th is  report is p resen ted  in tab le  5 .1 . T h e  
q u a sie la stic  event se lec tio n  d e sc r ib e d  bv eq u a tio n  (4 .18 ) se le c ts  a  fin ite region ;iround  th e  
u! =  Q 2j'h i ip  ridge (set' figures 4 -2 5  to  4 -2 8 ). W ith in  th is  reg ion , b in  w id th s o f  A 0 p(/ =  3° 
an d  A Q~ — 0 .362  -  0 .400  G e v ~ /c 2 w ere u sed . T h ese  va lu es w ere ch osen  as a  co m p ro m ise  
b etw een  b e in g  large en ou gh  for s ta t is t ic a l  p rec ision  an d  sm all en o u g h  to  reveal ch a n g es  in  
th e  p h ysics.
For ea ch  o f  th e  four A u /A Q * A 0 pi7 b in s d escr ib ed  in ta b le  5 .1 . we can  d efin e th e  a sy m ­
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m etry  (4 .2 0 ). w hich  ca n  b e  exp ressed  in term s o f  c r o ss -sec tio n  as:
■L a o - ao C(r^l (iJj . Q . 9 pq)f{u;.Q.9pq)dujdQ2d9pq
A m (u,0 . Q o . e pq.0 ) =  r  ^  "  o 7  » l V n a  . . T A J m  (5 .1 )C crm(uj.Q. 9pq)e(u,.Q. 9pq)dujdQ dOpq
w h ere  C  is th e lu m in o sity . ( is th e  d etec to r  effic ien cy  an d  th e  in tegral is carried  over th e  
ch o sen  A u /A Q 2^ 9 pq b in . B y  rrh an d  rr° w e d en o te d  th e  p o la r ized  an d  u n p o larized  p arts  
o f  th e  to ta l d ifferen tia l cro ss-sec tio n , resp ective ly . T h e  su b scr ip t ”m “ su g g ests  th a t th e se  
are m easu red  values. T h e  m easu red  cro ss-sectio n  is d ifferen tia l in a.'. Q 2 an d  9pq. T h e  o pq 
d e p e n d e n c e  was lost w h en  th e  a sy m m etry  at >t>pq — 90" is ex tra cted  by m ean s o f  th e  fit 
d e sc r ib ed  in section  4 .11 .
T h e  polarized  an d  u n p o la r ized  p arts o f  th e  to ta l d ifferen tia l cro ss-sec tio n  are g iven  by:
C!h = <T~ -  (T° = ( +  IT- <0.2)
a cc o rd in g  to  eq u a tio n  (2 .1 3 ) . In ch ap ter 2 we d en o te d  th e se  q u a n titie s  by A  and E but we 
u se  th is  new  n o ta tio n  here in order to  avoid  co n fu sio n  w ith  th e  su m m a tio n  sign .
T h e  value .4,,, is a ss ig n e d  to  th e  k in em atic  co o r d in a te s  ^'o-Qo • 0p</.o d efin ed  ;is th e  aver­
ages:
"  L .  A y - 'A ^  a ^ '  V - 6P ^ '  V '  0pq)d u j dQ 2d9pq ~  {X
w h ere  is each  o f  th e  ui . Q . 9 pq variables.
W e m ust n o te  th a t , b a sed  on  d efin itio n  (4 .2 0 ). a d ifferen t q u a n tity  cou ld  be co n stru cted :
l £  .V * -  A QN t  h'—x  f „  , <L,<lQ-, t6„
P’l
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w h en ' .Vjt is th e  n u m b er  o f  ro u n ts  in th e  sul>-bin A: an d  1 2 k - 1  ^  b i th is ease  th e
d etecto r  effic ien cies ca n ce l o u t co m p le te ly  but the s ta tis t ic a l error inere;is«>s  w ith  K .  T h e  
in tegration  m e th o d s  (5 .1 )  an d  (5 .4 ) w ou ld  b e p erfectly  eq u iva len t in  th e  case  w hen  th e  su m  
(5 .4 ) has o n ly  o n e  term  ( K  — 1). i.e . th e  in tegration  range is so  sm a ll that:
ro + Ax "2
A ( x ) f ( x ) d x  =  A ( x o ) f ( x 0 ) S x  (5 .5 )
ri) -  Ar 2
w here x  is th e  set o f  variab les j j . Q . 0 Pq and tlx =  du:dQ2d9 pq is an  in fin ites im a l vo lu m e in 
th e  p hase-sp ace. T h is  w ould  b e p ra ctica lly  th e  rase in a f ix ed -g e o m etry  exp er im en t that 
w ould  use a  sm a ll a c c e p ta n c e  d etec to r , as in th e previous O O P S  e x p e r im e n ts  [24. 25].
However, form u la  (5 .1 ) has several ad vantages in th at it em e rg es  n atu ra lly  from  th e  
a n a ly sis  m eth od  a n d  it m in im izes  th e  s ta tis t ic a l error. T h erefore, in  th is  th es is , th e reported  
.asym m etries are c o n str u c te d  a ccord in g  to  eq u ation  (5 .1 ).
An ideal co m p a r iso n  w ith  th e  tlm ory w ould  require p erform in g  th e  in tegra ls in (5 .1 ) w ith  
th e  cross-sec tion s xr^ ri an d  rr^ n rep laced  by th e  th(H>retical ones: an d  xrj\ resp ective ly . For
p ractica l p u rp oses, g iv en  th a t  th«H>retieal ca lcu la tio n s are tim e  co n su m in g , it is con ven ien t  
to  reduce th e  c a lc u la t io n s  to  th e  sm a lle st set p ossib le.
If the in tegra ls in  (5 .1 )  cou ld  b e sp lit  in K  p ieces, each  sm a ll en o u g h  to  b e ap p rox im ated  
by its  average v a lu e  o f  a sy m m etry , th is  w ould  be w ritten  ;is
12 ./( \  . \n-* Q' Qpq)(k(u-Q-9pq)dujdQ-(l0pq
A rri(uJ0'Qo-&pq,0 ) — (5-li)
12 JlA-jAQ-Atfp,, k a "‘ t ipq )fk (U-Q-9pq)du! t lQ-d9pi]
k = I ;
w here [A cjA Q 2A 0 p(/];t d e n o te s  th e  A:-th su b in terval such  th a t th e ir  su m  g ives the orig inal
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in tegra tion  ran ge from  (5.1)
j ^ A - z A ^ A t f , , ] *  =  A -c A y JA<V,
*-1
W e a p p r o x im a te  each  in tegral in th e  su m s w ith
/ .
< (W. Q .  epq) fk U .  Q .  0pq)<luj(lQ2dOpq
,A^AQ-±0p^ )k
Qk' ^pq.k)f ki -^'k- C^ /t- 0pq k )[Aa.'Ay Aflpqjfc
(5 .7)
w here r* s ta n d s  for 0 or h and th e  j j k . Q k-0pq k are th e  average k in em a tic  co o rd in a tes  o f  th e  
su b in terva l c a lc u la te d  as in (5 .5 ). C om b in in g  (5 .0 )  an d  (5 .7 ) an d  factoriz in g  each term  o f  
th e  su m  in to  an  a sy m m e tr y  and a w eigh ting  factor:
dm  (^'0 • 0pq q ) — ^  ^
k = 1 tnk
(  \
fJmkf>( ^pq \k
X] fTm J t f A [Au.’A y -A f y p(/]*
\  fc = 1 /
t :  .4 (5 .8)
* = i
w here th e  first ter m  in th e sq uare bracket is e q u a te d  to  A mk an d  th e  secon d  to  th e  w eigh tin g  
factor w k .
P rev io u s c o m p a r iso n s  o f  th e  m od els em p loyed  in ou r c a lcu la tio n s  sh ow  th a t th ey  su cc ess ­
fu lly  rep rod u ce u n p o la r ized  cross-sec tion s for ‘H e . l2C  an d  "’O d a ta  [4-1]. T h e  m easu red  
asy m m etry  (5 .1 ) .  corrected  for b eam  p o la r iza tio n  as in (4 .2 4 ). can  b e com p ared  w ith  a  
q u a n tity  c o n s tr u c te d  bv rep lacin g  th e d,,,* w ith  th e ir  ca lcu la ted  cou n terp arts:
K
d f (u,'o. Qo-fipq.n) -  ^  d  tki^k- Qk-Qpq.k) 11'k (5 .9)
k~ I






0 0  0.5 1
CO
Figure 5-1: Schem e of the grid used. Please refer to ei|uation ( I.IS) and tahle 5.2.
w h ile  k eep in g  th e  e x p er im en ta l w eigh tin g  factors io*. T h is  wav. th e d etec to r  a c c e p ta n c e s  
are in co rp o ra ted  in to  th e  i rk . T h e  w eigh ts are stra igh tforw ard  to  ca lcu la te  as ra t io s  o f  
e x p er im en ta l y ie ld s  irk =  . \ \ . / .Y  w here .V =  \ k .
To e n a b le  su ch  a co m p a riso n , o n e  had to  find th e  sm a lle st in teger A' for w h ich  a ll th e  
k  su l)-b in s  in (5 .6 ) are su f f i c i rv t l y  smal l  such  th a t th e  a p p ro x im a tio n  (5 .7 ) h o lds. For th is ,  
we carried  ou t a  con vergen ce  s tu d y  based on  th e  th eo ry  cod es . T h e  d ep en d e n c y  ch o se n  for 
th e  s tu d y  is th a t o f  A't r  versu s polar an g le . S a m p le  b in s were ch osen  an d  th e  q u a n tity  
(5 .9 ) w as ca lcu la ted  for severa l va lu es o f  A". T h e  su l> -sam p lin g  grid  is illu stra ted  in figu re  
5-1. T a b le  5 .2  an d  figure 5-2 sh ow  the case  o f  l*C at 2 .261 G eV . k in em a tic  b in  A  "2 (se e  
ta b le  5 .1 ). T ab le  5 .2  sh o w s th e  b in  su b d iv is io n  in 2 x 2. 3 x 3 and - 1 x 4  grids. F ig u re  5- 
2 sh ow s th e  co rresp o n d in g  ca lcu la tio n s , a cco m p a n ied  by th e  d a ta . T h ere is a s ig n if ica n t  
d ifferen ce b etw een  th e  ca lcu la tio n  at tlit* w eig h ted  cen ter  o f  th e  b in  an d  th e  first sa m p lin g
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K Grid Size i i j Q L n  <G eV -/c-) Q ' L s  (G eV -/<") «i a . a-*(0)
1 l x l  | () 0 0.712 1.075 0.172 0.200 1.000
4 2 x 2 I 0 0 0.712 0.894 0.172 0.000 0.238
1 0 1 0.894 1.075 0.172 0.000 0.183
/
1 . I) 0.712 0.894 0.000 0.200 0.3541
1 1 1 0.S94 1.075 0.000 0.200 0.225
9 3 x 3 0 1) 0.712 0.833 0.172 0.060 0.099
j I) 1 0.833 0.954 0.172 0.060 0.081
11 2 0.954 1.075 0.172 0.060 0.0661
1 0 0.712 0.833 0.060 0.063 0.144
1 1 0.833 0.954 0.060 0.063 0.129
1 2 0.954 1.075 0.060 0.063 0.100
i 1) 0.712 0.833 0.063 0.200 0.167
ii 2 1 0.833 0.954 0.063 0.200 0.132i! 2 2 0.954 1.075 0.063 0.200 0.085
16 4 x 4 () 0 0.712 0.803 0.172 0.089 0.053
i i l) 1 0.803 0.894 0.172 0.089 0.046
I !i I) ')*' 0.894 0.984 0.172 0.089 0.037i
i ! I) 3 0.984 1.075 0.172 0.089 0.031
i
I 1 1) 0.712 0.803 0.089 0.000 0.072
1 1 0.803 0.894 0.089 0.000 0.067
1 2 0.894 0.984 0.089 0.000 0.063
! 1 3 0.984 1.075 0.089 0.000 0.053I
j 2 0 0.712 0.803 0.000 0.096 0.093
ii 2 1 0.803 0.894 0.000 0.096 0.086
i 2 2 0.894 0.984 0.000 0.096 0.069
2 3 0.984 1.075 0.000 0.096 0.054
3 l) 0.712 0.803 0.096 0.200 0.094
3 1 0.803 0.894 0.096 0.200 0.081
3 2 0.894 0.984 0.096 0.200 0.058
3 3 ! 0.984 } 1.075 0.096 0.200 0.044
Table 5.2: Division table for the convergence study. The Q~ bin chosen is bin A "2 front table 3.1. 
Coefficients rt| ami a> are the ones that enter in equation (4 .IS). The weighting factors u> listed  
on the last column are for bin A "0 in 0pq (corresponding to 0" < f)pq <  3'1). The convergence [dots 
corresponding to this d ata  sub-sam ple are shown in figure 5-2.
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Figure "i-2: Convergence test on l*’C' at 2.261 GeY. Q bin A '2. The theory calculation is done 
with OM EA. and the calculated points are linked by straight lint's. Ple;ise refer to table o.2.
su m  ( K  =  I. 2 x 2 grid ). B u t th e  ca lcu la tio n s  co rresp o n d in g  to  th e  su m s w ith  K  > 1 
con verge rapid ly. O u r co n c lu sio n  w as th a t a 2 x 2 grid  is su ffic ien t. S im ila r  te s ts  on other  
d a ta  su b -sa m p le s , sh o w n  in figure o-.'l. are co n sisten t w ith  th is  c o n c lu sio n .
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Figure >-3: Convergence test: other c;ises. The theory calculation is done with OM EA (a.h) and 
with RMSGA (< \d )!. The calculated points are interpolated with Splines.
I lM  I M l
9 P-*^
: r.
•I OMEA. C. 2.2 0»V a  bM I
\
6>0WU. C. 2.2 G«V. Q bln 2
«Hq>
Figure o-4: Illustration of the opposite sign contributions of the ,s- and p-shells in 1JC . The calcu­
lations are done with (a) unweighted OM EA and (b) theory weighted DW IA. The calculated points 
are interpolated with cubic S, l! s.
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Bin <1 .c & Pm Fm •4'/ r •4;. r -41 r
(» ) n ( ^ 1 . c;» v i i ^  T 1 ) c;«-\ . DW IA RM SG A (rneas) ( s t a t )
1 1 97 0.811 0 .329 0.549 0 063 0 021 0 0014 n /a -0 0007 0 0043
2 4 53 0.807 0 326 0.545 0 088 0 022 0 0035 n /a 0 0052 04)029
3 7 44 0.799 0 .319 0 537 0.121 0 023 0 0069 n /a 0 0034 0 00.30
4 10 38 0.789 0.311 0.526 0.157 0 025 0 0121 n /a 0.0091 0.0037
5 13 35 0.780 0 .303 0.516 0 193 0 0 2 8 0 0204 n /a 04)110 0 0049
6 16 34 0.773 0 297 0 509 0.230 0.032 0.0333 n /a 0.0109 0 0068
- 19 36 0.773 0 .297 0.510 0.268 0 039 0 0533 n /a 0 0156 04)093
8 22 40 0.781 0 .303 0.518 0.309 0 045 I) 0763 n /a 04)085 0 0120
9 25 43 0 .790 0 .309 0 .529 0 350 0 051 0 0746 n /a -04)261 04)143
1 1 94 1.062 0 .507 0 870 0 072 0 020 0 0019 n /a 0 0052 0 00.33
2 4 48 1.056 0.501 0.864 0 106 0 021 0 0052 n /a 04)054 04)040
3 7 34 I 045 0 188 0.853 0 152 0 023 0 0114 n /a 0 0034 0 0048
4 10.29 1.033 0.475 0.842 0 200 0 027 0 0232 n /a 0 0046 0 0072
5 13.29 1.030 0.471 0 .839 0.252 0.033 0 0463 n /a 0 0213 0 0113
6 16 37 1.037 0 .479 0 847 0 .307 0 043 0 0855 n /a 0 0414 0 0157
- 19 44 1.044 0 .484 0.855 0 361 0 049 0 0582 n /a -04)298 04)186
8 22 45 1.043 0 .482 0.856 0.410 0 054 -0 0895 n /a -0 0166 0 0203
9 25 44 1 037 0 .472 1) 853 0.456 0 056 -0 1318 n /a -0 0116 0 0230
1 191 1.318 0 .706 1 239 0.080 0.018 0 0022 0 0000 0 0060 0 0079
2 4 39 1.311 0 697 1 233 0 124 0 020 0 0063 04)001 04)058 1) 0068
3 7 24 1.301 0 685 1 224 0.183 0 023 0 0157 0 0003 0 0229 0 0101
1 10 24 1.296 0 .678 1 220 0 248 0 030 0 0383 0 0009 0 0329 0 0178
3 13 36 1.305 0.691 1.225 0.318 0 041 0 0686 0 0024 0 0205 0 0273
G 16 4.3 1.307 0.691 1.230 0.384 0 049 -0 0 961 -0 0128 -0 0079 0 0312
19 43 1.300 0.678 1 229 0 445 0 0 5 2 -0 1467 -0 0156 -0 0465 0 0351
8 22 42 1 285 0 656 1 221 0 501 0.056 -0 1324 -0 0092 -0 0486 0 0412
9 25 38 1.279 0 .647 1.218 0 559 0 0 5 9 -0 1049 -0 0032 -0 0588 0 0196
1 1.88 1 557 0 906 1.605 0.087 0 018 0 0023 -0.0001 0 0003 0 0120
2 4 31 1.546 0 890 1 598 0.140 0 019 0 0072 -0 1)003 0 0236 0 0116
3 7 17 1 535 0 874 1 590 0.211 0 025 0 0214 -0.0018 -04)058 0 0208
4 10 28 1.538 0 .878 1.594 0 294 0 036 0 0541 -0  0272 -0 0031 04)391 j
5 13 42 1.545 0 .887 1.600 0 375 0.047 -0 0949 -1) 0298 -0 0361 0 0502 1
6 16 43 1 538 0 .876 1.597 0 449 0.051 -0.1064 -0 0244 -0 0690 04)581
1 19 39 1 515 0 838 1.592 0 517 0.054 -0.0832 -04)063 -0 0115 04)705
8 22.36 1.506 0 826 1.585 0.585 0 056 -0 0549 -0 0056 -04)667 04)974
9 23.43 1.503 0 .819 1.589 0 657 -0.0054 -0 0019 0.2554 0 1294
Table o.3: Summary table for ‘He at 2.262 GeV. The four sm io n s  correspond to the four Q 2 intervals 
(see table 5.1). Bins are determine«l by the conditions 4.18 and 4.19 on -j . Q 2 and E m combined with 
the condition 3 (n — I) <  0pq <  3n where 3" is the Bpq bin width and n is an integer between 1 and 
9. Values on columns 2-4 and 6-7 are weighted averages within the \ Q 2. Bpq) bin. The calculations 
were done as described in section  5.2.
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Bin <1 _■ Q J Pm Em d r  r d 'rr •TT/. r
(n) (") ( Ui.V ) . i;»v i ^  ) ‘ i ) • C»*V i DW IA RM SG A ( m r a s) 1sta t)
1 1 94 1.253 0 656 1 139 0.092 -0 016 0 .0010 0 0000 0 0 1 4 1 0 0164
2 4 47 1.246 0 644 1.137 0 131 -0 021 0 .0029 0 0001 0 0 0 8 8 0 0 1 2 8
3 7 3 3 1 234 0 .626 1.131 0 184 -0 028 0 0 0 7 2 0 0002 0.0176 0 0 1 6 6
4 10 30 1 224 0 .615 1 119 0 243 -0.025 0  0171 0 0007 -0 0 2 0 3 0 0245
3 13 40 I 220 0 619 1 106 0 304 -0 013 0 0387 0 0050 0 0423 0 0 3 3 4
! 6 16 45 1.214 0.611 1 100 0 362 -0 002 0 0315 0 0025 0 0433 0 0 3 9 7
7 19.40 1 209 0.603 1 097 0 418 I) 000 -0 0595 -0 0 0 5 0 -0 0093 0 0465
8 22 39 1 201 0 586 1 099 0 472 0 004 -0 0 7 2 6 -0 0060 0 0601 0 0582
9 25 45 1 200 0 588 1 094 0.529 0.008 -0.0631 -0 0018 0 0449 0 0740
1 1 90 1 414 0.784 1 386 0 083 0 012 0.0011 0 0000 -0 0006 0 0101
2 4 37 1 406 0.774 1 379 0.130 0 013 0.0037 -0 0000 -I) 0061 0 0088
3 7 22 1 394 0 758 1 368 0 194 0 016 0 0094 -0 0001 1) 0076 001.35
4 10 24 1 390 0 753 1 364 0 265 0 024 0.0225 -0 0018 0 0246 0 0 2 4 3
5 13 39 I 402 I) 770 1.374 0.341 0 037 0 .0240 -0 0092 0 0 0 5 2 0 0351
6 16 41 1 397 0.760 I 374 0 408 I) 043 -0 0702 -0 0113 0 0224 0 0 4 1 8
! : 19 39 1 383 0 739 1 366 0 471 0 047 -0.0704 -0 0077 0 0194 0 0 5 2 4
I 8 22.41 1 369 0.717 1 360 I) 533 0.051 -0 0599 -0 0030 -I) 1397 0 0662
9 25 40 1 357 0 700 1 352 0 593 0 055 -0 0447 -0 0 0 3 4 -0 0 2 4 1 0 0845
f 1 1.87 1 669 1 001 1 785 0 091 0 014 0 0 0 1 4 -0.0001 0 0146 0 0145
1 }\ 4 28 1 660 0 990 1 777 0 148 0 017 0  0045 -0 0004 -0 011.3 0 0143
! 3 7 16 1 655 0.983 1 773 0 226 I) 022 0 0145 -0 0024 0 0 0 2 8 0 0267
| 4 10 30 1 666 0.998 1 779 0 318 0 038 0 0326 -0 0253 -0 0342 0 0 4 8 4
! •> 13 45 1 667 0 999 1.780 0 404 0 044 -0 0482 -0 0182 0 007.3 0 0 6 3 6
| 6 16 43 1 64.3 0 962 1 774 0 478 0 048 -0 0398 -0 0084 -I) 0121 0 0778
19 30 1 622 0 930 1 767 0 549 0 053 -0 0283 -0 0 0 2 7 0 0250 0 1018
! * 22 .30 I 609 0.909 I 763 0 626 0 052 -0 0082 -0 0038 -0 0.372 0 1538
! 9 25 40 1.615 0 923 1 756 I) 705 I) 056 0 0 3 3 0 0 0027 -0 0044 0 2307
1 I 83 1 926 1 230 2 195 0 099 0 014 0 0 0 1 8 -0 0002 -0 0182 0 0 2 2 2
2 4 19 1 912 1 211 2 187 0 164 0 016 0 0 0 6 2 -0 0010 -0 0157 0 0249
3 7 13 1 904 1 200 2 184 0 257 0 025 0 0 2 4 5 -0 0115 i 0 0389 0 0549
4 10 29 1.924 1 225 2.202 0 363 0 039 -0.0409 -0 0 2 6 5 0 0452 0 0 9 9 5
5 !3 38 1 897 1.188 2 188 0 456 0.041 -0.0458 -0 0 1 5 6  j -0 1490 0 1192
G 16 29 1 872 1 148 2.186 0 539 0.047 -0.0315 -0 0038 -I) 0724 0 1600
i 19 27 1 832 1 091 2.168 0 621 0 0 5 3 -0 0 0 7 3 -0 0049 j 0.1206 0 2300
8 22 15 1.846 1.095 2.208 0 722 0.060 0 0451 0 0053 | 0 1337 0 3836
9 25 73 1 866 1 149 2.160 0 823 0 0 4 0 -0.0510 0 0 0 4 6 -0 2014 0 5515
Table 5.4: Summary table for 'H e at 4.462 GeV. The four sections correspond to the four Q~ intervals 
(see table 5.1). Bins are determ ined by the conditions 4.18 and 4.19 on Q J and E,n com bined with 
the condition 3(n -  1) < 0p,, <  3n where 3 ' is the 6ptl bin w idth and n is an integer between 1 and 
9. Values on columns 2-4 and 6-7 are weighted averages w ithin  the (Q - . Bpi)) bin. The calculations 
were done ;is described in section 5.2.
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Bin ! «l Pm Em I'rr T r r 6 A Lt
(« ) C’> ( “ ? * ) OV i I ‘iiiV j - ! ) ii;-v i O M EA RM SG A (m eas) ( s tat)
1 1 99 0 822 0 342 0 559 0.072 0.030 -0.0105 n /a -0 0 1 3 6 0 .0073
•> 4 66 0 819 0 338 0.557 0.095 0 028 -0.0172 n /a -0 0129 0 0 0 4 2
3 7 5 2 0 812 0 330 0 550 0.126 0.026 -0.0176 n /a -0 0260 0 0 0 3 6
4 10.44 0 801 0 319 0 540 0.161 0.026 -0 0 1 4 9 n /a -0.0186 0 .0038
5 13 38 0 .790 0.309 0.528 0 196 0.028 -0.0094 n /a -0.0148 0 0 0 4 7
6 16 34 0.780 0.300 0 518 0 231 0 032 0.0005 n /a -0.0115 0 0063
- 19 33 0.775 0 2% 0 513 0.267 0 039 0.0175 n /a 0 0098 0 .0089
8 22 36 0.777 0.297 0 515 0.306 0 047 0 0268 n /a -0.0112 0 0 1 2 6
9 25 40 0.786 0.305 0 525 0.347 0 054 0 0098 n /a 0 0224 0 0167
1 1 99 1 068 0 515 0 876 0 082 0.029 -0.0155 -0 0077 -0 0159 0 0081
2 4 60 1 063 I) 508 0 872 0 113 0 .026 -0.(1239 -0 0 1 2 6 -0 0231 0 .0049
3 7 43 1 052 0 495 0 862 0 155 0 026 -0 0 2 3 5 -0 0158 -0 0267 0 .0049
4 10 32 1 039 0.479 0 850 0.201 0 028 -0 0175 -0 0203 -0 0 2 0 4 0 0 0 6 5
5 13 29 1 029 0.468 0 841 0.250 0 033 -0.0001 -0 0251 -0 0231 0 0098
6 16 32 1 031 0.470 0 84.3 0.302 0.043 0 0296 -0 0102 0 0013 0 .0149
- 19 39 1 0 3 9 0 478 0 851 0 357 0 0 5 3 -0.0007 0 0126 0 0 0 2 7 0 0 1 9 8
s 22 41 1 041 0.478 I) 854 0.407 0 059 -0 0423 0 0 3 0 0 -0 0320 0 0 2 3 8
9 25 42 1.035 0 471 0 849 0 154 0 061 -0 0521 0 0 3 3 7 -0 0070 0 0 2 8 6
1 1 99 1 326 0 716 1 246 0 092 0 0 2 7 -0 0195 -0 0160 -0 0309 0 0 1 1 6
■> 4 52 1 317 0 704 1 240 0 1.31 0 024 -0 0 2 8 6 -00241 -0 0264 0 0077
3 7 3 1 1 303 0 685 1 229 0.184 0 024 -0 0266 -0 0 3 1 0 -0 0227 0 0093
4 10 23 1 294 0 674 1 221 0.245 0 0 2 9 -0 0060 -0 0406 0 0060 0 0154
5 13 29 1 298 0 680 1 223 0 31.3 0 042 0 0432 0 0228 0 0464 0 0 2 5 4
6 16 40 1 304 0 686 1 229 0 381 0 0 5 3 -0 0267 0 0384 -0 0042 () 0341
- 19 37 1 294 0 670 1 226 0 141 0 057 -0 0591 0 0.328 0 0 1 1 7 0 0409
8 22.37 1 281 0 650 1 218 0.497 0 060 -0 0633 0 0148 -0 0857 0 0 5 1 8
9 25 38 1 275 0 640 1 217 0.555 0 063 -0 0469 -0 0057 I) 0245 0 0669
1 1 97 1 561 0 909 1 610 0 098 0 026 -0 0 2 2 4 -0 0212 -I) 0310 0 0166
2 4 45 1 550 0 894 1 604 0 146 0 0 2 3 -0 0 3 0 4 -0 0 3 0 5 -0.0198 0 0 1 2 2
3 7 21 1 533 0.871 1 590 0.211 0 025 -0 0 2 2 8 -0 0423 -0 0144 0 0 1 7 9
4 10 22 1.528 0 863 1 589 0.288 0 035 0 0 3 0 2 -0 0 0 6 6 0 0101 0 0347
5 13 37 1.538 0.878 1 596 0.371 0 049 -0 0071 0 0450 0 0306 0 0 5 2 3
6 16 40 1.527 0.860 1 594 0.444 0 055 -0 0 6 0 8 0 0228 -0 0 1 6 5 0 0 6 7 5
19 39 1.512 0 841 1 580 0.513 0 060 -0 0675 0.0016 -0 0 3 5 0 0 0890
8 22 31 1 501 0 813 1 591 0.580 0 062 -0 0 2 3 4 -9.0254 0.0163 0.1271
9 25 40 1 492 0.804 1 579 0 .649 0 066 0.0089 -0 0357 0 1536 0 .1758
Table 5.5: Summary table for '-’C at '2.262 Gt'V. The four sections correspond to the four Q-  intervals 
(see table 5.1). Bins are determined by the conditions 4.18 and 4.19 on .j. Q-  and E m com bined with  
the condition 3(n -  1) < 0pil <  3n where 3° is the 6pq bin width and n is an integer between 1 and 
9. Values on colum ns '2-4 and 6-7 are weighted averages within the (Q- .  0p \^ bin. The calculations  
were done ;ls described in section 5.2.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
Bin Op., <1 Q* Pm E m ' .vtr -•f/. r 'bVj.r
(ti) 1") ( ^ i 1 ^ 1 i O V  ' O M EA R M SG A (m eas) (sta t)
1 1 98 1 194 0.598 1 068 0.103 -0 033 -0.0091 -0.0053 -0.0460 1) 0202
•> 4 55 1 189 0 591 1.064 0.136 -0.033 -0.0130 -0 0080 -0.0444 0 0 1 3 2
3 7 39 1.177 0.574 1 055 0 181 -0 034 -0.0123 -0.0100 0 .0169 0.0142
4 10.32 1 164 0 558 1.043 0 232 -0 033 -0 0 0 7 7 -0.0127 -0 .0189 0.0196
5 13 32 1 157 0.553 I 031 0 288 -0 026 0.0081 -0 .0069 -0 .0060 0.0284
6 16.38 1 163 0.563 1.036 0 347 -0.004 0.0012 0 .0126 -0 0197 0.0382
1 19 43 1 166 0.566 1.039 0.404 0.013 -0 0235 0.0193 0 0 1 4 5 0 0 4 9 4
s 22.40 1 160 0 552 1 040 0.456 0.022 -0.0301 0.0170 -0.0424 0 0640
9 25.41 I 157 0.547 1 039 0 509 0  031 -0 0 3 0 6 0 0096 0  0789 0 0812
1 1 98 1 414 0 775 1.400 0.100 -0.013 -0 0 1 0 9 -0.0094 -0 .0433 0.0169
2 4 51 1 405 0.762 1 394 0.141 -0.014 -0.0150 -0.0133 -0.0123 0 0 1 1 6
3 7 30 1 388 0 740 1 380 0 197 -0 015 -00131 -0.0163 0 0 0 9 9 0.0147
4 10.26 1 377 0 727 1 369 0.263 -0 0 0 8 0.0019 -0.0148 0 .0140 0 0 2 4 2
5 13 36 1 390 0.717 1 375 0.337 0.013 0.0115 0 .0197 0.0221 0 0 3 7 4
G 16.40 1 387 0.741 1 375 0.405 0.028 -0.0272 0.0211 0 0 7 2 5 0.0485
i 19 40 1 374 0.718 1 371 0.467 0 036 -0 0353 0.0107 -0 0 4 4 6 0 0644
8 22.43 1 359 0 693 1 367 0.528 0 038 -0 0307 0.0002 -0 0 7 4 6 0 0 8 3 7
9 25.34 1 352 0 683 1 360 0 587 0 047 -0.0115 -0.0129 -0 0092 0.1076
1 1 96 1 669 I) 995 1 796 0.106 -0 003 -0 0 1 2 2 -0 1)117 -0 0 1 2 5 0.0220
2 4 44 1 654 1) 973 1 787 0 156 -I) 004 -I) 0158 -0 1)161 0 0 2 1 7 0.0167
3 7 20 1 635 0 947 1 777 0.224 -0 0 0 2 -0 0 0 9 3 -0 0 2 2 1 -0 0 1 7 8 0 0 2 5 5
4 10.28 1 646 0 966 1 778 0 311 0 015 0 0268 0 0 1 3 3 0 0 3 7 1 0 0473
5 13 40 1 651) 0 969 1 783 0 397 0 030 -0 0153 0 0190 0 1114 0.0661
G 16 37 1 626 0 931 1 778 0.472 0 039 -00371 0 0 0 6 0 -0 0 2 6 6 0 0881
- 19 31 1 612 I) 904 1 783 0.544 0 046 -0 0283 -0.0084 0 0 4 8 6 0 1219
8 22 24 1 602 0 894 1 767 0 618 0 049 -0 0002 -0 0204 0 1582 0.2125
9 25 28 1 593 0 881 1 762 0 689 0 054 0 0 1 2 2 -0.0027 -0.1582 0 2794
1 1 96 1 921 1 222 2.209 0 112 -0 000 -0 0 1 4 2 -0.0133 -0 0 0 0 7 0 0 3 0 7
> 4 34 1 903 1 194 2 197 0 171 -0 002 -0 0148 -0 0 1 8 3 0 0004 0 0260
3 7 12 1.887 1 173 2.186 0 253 0 0 0 4 1)0065 -0 .0267 -0 0 7 0 5 1)0469
4 10.27 1 897 1 186 2 194 0.356 0.024 0.0203 0 0 2 0 7 0 0 2 6 5 0 0 9 2 6
5 13.40 1 881 1.157 2 199 0.450 0.034 -0.0266 0.0059 -0 0 9 1 8 0.1210
6 16.29 1.866 1.141 2 182 0.535 0 0 4 1 -0 0 3 8 4 -0.0098 0.1531 0.1712
1 19.29 1 855 1 123 2.179 0 6 2 2 0.051 0.0023 -0.0245 -0.5146 0.3384
8 22 15 1 821 1.065 2.181 0 6 9 3 0 052 0 0148 0 0 0 3 4 -0 0 9 3 6 0 4809
9 25 31 1 787 1 012 2 170 0.773 0.063 0.0269 0 0183 -0 .6516 0.8393
Table 5.6: Sum m ary table for U’C' at 1.462 G e\'. The four sections correspond to the four Q~ intervals 
(see table 5.1). Bins are determ ined by the conditions 4. IS and 4.19 on Q" and E m com bined with 
the condition 31 ti -  1) < tip,) < 3n where 3" is the Dpil bin width ami n is an integer between 1 and 
9. Values on colum ns 2-4 and 6-7 are weighted averages within the bin. The calculations
were done as described in section 5.2.
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Figure 5-5: D ependence of .4/ r  versus 0P<] for 'H e(e.r'p ) at 2.262 GeY. M easurements were done 
with an angle bin w idth o f A #pv =  3'1. for four Q~ hins along the quasielastir ridge. The Q 1 bins 
are set ;is follows: a) 0.350 <  Q '  (G eV * /f-)  <  0.712. b) 0.712 <  Q -  (GeY-/*-*) <  1 075. c) 1.075 
< Q~ (G eY */c-) < 1.438 and d) 1.438 <  Q-  (GeY-’/c-’ ) <  1.800. There were no constrains on p m 
or p ' . The solid (dashed) curves correspond to RMSGA (DW IA) calculations used ;ls described in 
section 5.2. The data  are listed in table 5.3. Errors shown are statistical.
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Figure 5-6: Dependence of A't r versus 0pq for 4He(e.r'/r) at 4.462 GeV. Measurements were done 
with an angle bin width of A #P,; =  3°. for four Q~ bins along the quasielastir ridge. The Q 2 bins 
are set as follows: a) 0.800 < Q 2 ( G v X 2/ c 2) <  1.200. b) 1.200 < Q 2 (Ge\"J/e*) < 1 600. c) 1.600 
< Q 2 ( G e \’* /e J) < 2.000 and d) 2.000 <  Q 2 (G e\"*/cJ) <  2.400. There were no constrains on p,n 
or p ' . The solid (d;ished) curves correspond to RMSGA (DW IA) calculations used as described in 
section 5.2. The data are listed in table 5.4. Errors shown are statistical.
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Figure 3-7: Dependence of A'{ r  versus 0ptl for l -’C (r .e'p) at 2.262 G eV. Measurements were done  
with an angle bin width of A f)p,t =  3’’. for four Q 1 bins along the quasielastic ridge. The Q -  bins 
are set as follows: a) 0.330 < Q-  (G eY J/ r*) < 0.712. b) 0.712 < Q 2 (G e \'J/ c - ) < 1.073. c) 1.073 
<  Q -  (Ge Y - / )  < 1.438 and d) 1.438 < Q-  (GeV-’/c*) <  1.800. There were no constrains on p m 
or p ' . The solid (dotted) curves correspond to RMSGA (OM EA) calculations used as described in 
section 3.2. The data are listed in table 3 3. Errors shown are statistical.
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Figure 5-8: Dependence o f  A'/ , versus tipi) for i2C)r . r 'p )  at 4.4G2 G e \ . M easurem ents were done 
with an angle bin width o f = 3". for four Q~ bins along the quasielastic ridge. The Q 2 bins
are set as follows: a) 0.800 < Q 2 (G eV J/<-’ ) < 1.200. b) 1.200 < Q 2 (G eV J/<-’ ) <  1.600. c) 1.600 
<  Q 2 (G e\ - /c - )  <  2.000 and d) 2.000 < Q 2 (GeV-’/V-’) < 2.400. There were no constrains on p rn 
or p ' . The solid (dotted) curves correspond to RMSGA (OMEA) calculations used ;ls described in 
section 5.2. The data are listed in table 5.6 Errors shown are statistical.
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Figure 3-9: Dependence of .4, ,  versus m issing m om entum  p m for 1 He(* , i ' p )  at 2.262 G e \ . in four 
Q~ bins along the qtmsiehistic ridge. The Q - bins are set ;is follows: a) 0.330 < Q-  (G e \‘*/(••’) < 
0.712. b) 0.712 < Q-  iG e \'- /< * ) < 1073 . c) 1.073 < Q-  (G eY J/<"’ ) < 1.438 and d) 1.438 <  Q-  
(Ge\"*/c-’) <  1.800. The solid (dashed) curves correspond to RMSGA (DW IA) calculations used as 
described in section 3.2. The data used are listed in table 3.3. Errors shown are statistical.
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Figure 5-10: Dependence o f A\  r versus m issing momentum p,n for 'Ho(t'.r'p)  at -4.-162 GeV. in four 
Q -  bins along the quosielastir ridge. T h e Q 2 bins are set as follows: a) 0.800 <  Q 1 ( G e \ - / ( - ’ ) < 
1.200. b) 1.200 < Q 2 (G e Y '/c " ) < 1.600. c) 1.600 < Q 2 (GeV'-’/c - )  < 2.000 and d) 2.000 < Q 2 
( G e \ - / ( - ’ ) < 2.-100. The solid ((hushed) curves correspond to RMSGA (DW IA) calculations used as 
described in section 5.2. The data used are listed in table 5.4. Errors shown are statistical.
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Figure 5-11: Consistency test between 2.262 and 4.462 GeV 4He data: Q 1 bin n from 4.462 GeV  
(figure 5-10) is overlapped with bin n -  I from 2 262 GeV 4He (figure 5-9). where n =  2 .5 .4 .  
corresponding (in this order) to graphs (a), (b) and (c).
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
* -
























Figure 5-12: Dependence of A'LT versus missing momentum  p m for 1JC'(c.t'/O at 2.262 G eV. in four 
Q~ bins along the quasielastic ridge. The Q z bins are set ;is follows: a) 0.350 < Q 1 (G e \ -’/c*) <
0.712. b) 0.712 < Q 1 (G eV -/c*) <  1.075. c> 1.075 < Q 1 (GeV-’/c*) < 1.438 and d) 1.438 < Q 1 
(G e \'J/c - )  <  1.800. The solid (dotted) curves correspond to RMSGA (OM EA) calculations list'd its 
described in section 5.2. The data used are listed in table 5.5. Errors shown are statistical.


































Figure >13: Dependence of A'L r versus m issing m omentum  /»,„ for tJC ( r . t 'p)  at 4.462 CleV. in four 
Q 2 bins along the quasiehastic ridge. T he Q 2 bins are set as follows: a) 0.800 < Q~ ( G e \ * / e ‘ ) <  
1.200. b) 1.200 < Q 2 (GeV-’/ f - )  <  1-600. c) 1.600 < Q 2 (GeV-’/e*) < 2.000 and d) 2.000 < Q 2 
(GeY-’/r - )  <  2.400. The solid (dotted) curves correspond to RMSGA (OMEA) calculations used ;is 
described in section 3.2. The data used are listed in table 3.6. Errors shown are statistical.
















* L T r
2.262 0 1) 0.995 0.457 5.388 0.119 -0.009 0.00221 0.00408
2.262 ° 1 0.904 0.401 6.127 0.118 0.026 0.00549 0.00129
2.262 ! o 2 1.012 0.590 6.635 0.136 0.150 0.01690 0.00511
2.262 0 3 1.088 0.734 6.711 0.148 0.243 0.05843 0.00522
2.262 4 1.215 0.914 5.911 0.152 0.341 0.01410 0.00885
2.262 () 5 1.373 1 127 4.821 0.148 0.443 -0.00103 0.01506
2.262 0 1.519 1.316 3.947 0.152 0.542 -0.00211 0.02482
2.262 0 i 1.657 1 491 3.081 0.166 0.632 0.00930 0.05339
2.262 1) s 1.780 1.654 2.517 0.185 0.716 0.40018 0.32036
2.262 1 0 1.035 0.557 10.728 0.263 -0.011 -0.00871 0.00797
2.262 1 1 0.935 0.448 14.118 0.277 0.038 0.00405 0.00224
1 2.262 1 2 0.992 0.551 15.853 0.306 0.14 j 0.00543 0.00464
2.262 1 3 1.072 0.690 14 339 0.300 0.254 0.03714 0.00370
2.262 I 4 1.134 0.781 14.141 0.334 0.348 0.02829 0.00336
2.262 1 5 1.230 0.912 12.798 0.361 0.444 0.02584 0.00424 |
2.262 1 6 1.356 1.084 10.587 0.365 0.544 0.02755 0.00630
2.262 1 1 1.483 1.253 8.211 0.368 0.645 000891 0.00853
2.262 1 8 1.623 1.431 6.808 0.386 0.739 0.03252 0.01403
2.262 1 1.758 1.604 5.513 0.107 0.833 0.03077 0.03302
4.462 0 1.388 0.740 3.844 0.121 -0.027 -0.00511 0.00714
1 4.462 0 1 1.486 0.8.58 3.643 0.119 0.031 0.00297 0.00561
! 4.462 0 2 1.510 0.978 4.403 0.138 0.148 0.01746 0.01491
4.462 0 3 1.667 1.208 4.299 0.150 0.244 0.02766 0.01683
| 4.462 1.830 1.441 3.884 0.151 0.344 0.02356 0.02462 1
4.462 1) 2.019 1.693 3.389 0.150 0.444 -0.05970 0.03644
4.462 0 2.237 1.963 2.850 0.152 0.544 0.08877 0.05184 |
4.462 0 i 2.485 2.258 2.295 0.159 0.637 -0.01154 0.09568 !
4.462 1) 8 2.842 2.662 1.527 0.166 0.736 0.13265 0.23462
4.462 1 () 1.406 0.808 8.882 0.280 -0.034 0.02113 0.01182
4.462 1 1 1.512 0.924 9.255 0.292 0.042 0.01202 0.00856
4.462 1 2 1.488 0.951 10.349 0.304 0.151 0.03348 0.01292
4.462 1 1.591 1.106 9.544 0.303 0.253 0.02014 0.01017
4.462 1 4 1.659 1.201 9.489 0.334 0.348 0.00768 0.00934
4.462 I 3 1.750 1.328 8.761 0.357 0.446 0.03448 0.01081
4.462 I 1.890 1.521 7.316 0.360 0.546 0.01538 0.01437
4.462 I i 2.056 1.736 5.780 0.366 0.646 -0.00693 0.01815
4.462 1 8 2.279 2.006 4.642 0.377 0.744 0.00047 0.02558
4.462 1 9 2.562 2.334 3.716 0.391 0.838 -0.01120 0.04181
Table 5.7: M issing energy dependence of .4', r  for 'He .
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Ebf, irn Pm E TO q * tipi Pm Em
(GeV) bin bin (G eV /r) (GeV) (dog) (G eV /r) (GeV)
2.262 0 0 0.968 0.428 6.751 0.138 -0.009 -0.03021 0.00468
2.262 0 I 0.920 0.416 6.916 0.134 0.031 -0.01700 0.00156
2.262 0 2 1.014 0.588 6.704 0.140 0.146 0.00324 0.00517
2.262 0 3 1.097 0.740 6.393 0.144 0.244 0.03644 0.00578
2.262 0 4 1.216 0.910 5.806 0.151 0.342 0.03527 0.00900
2.262 0 5 1.362 1.108 4.858 0.150 0.441 -0.00297 0.01552
2.262 0 6 1.507 1.298 3.983 0.156 0.541 0.08073 0.02747
2.262 0 1.652 1.481 3.194 0.169 0.632 -0.01903 0.06585
2.262 8 1.806 1.672 2.482 0.182 0.715 0.17451 0.34245
2.262 1 l) 0.999 0.502 11.241 0.255 -0.010 -0.01659 0.00703
2.262 1 1 0.937 0.438 13.732 0.271 0.040 -0.00152 0.00217
2.262 1 2 0.985 0.531 16.093 0.312 0.145 -0.00817 0.00380
2.262 1 3 1.063 0.668 14.856 0.312 0.251 0.02215 0.00395
I 2.262 * 4 1.128 0.767 14.152 0.333 0.348 0.02558 0.00385
2.262 I 5 1.218 0.892 12.764 0.355 0.445 0.02202 0.00462
2.262 1 6 1.334 1.050 10.851 0.366 0.544 0.02910 0.00645
2.262 1 i 1.460 1 218 8.663 0.372 0.644 0.02154 0.00916
2.262 1 H 1.589 1.385 7.104 0.389 0.740 0.02645 0.01471
2.262 1 9 1.728 1.561 5.890 0.408 0.833 0.00208 0.03384
4.462 0 I) 1.336 0.677 4.611 0.135 -0.039 -0.02496 0.00676
4.462 I) 1 1.483 0.860 4.172 0.133 0.034 0.00472 0.00933
4.462 (I ■) 1.509 0.982 4.441 0.141 0.147 0.00281 0.01689
4.462 0 3 1.652 1.191 4.296 0.149 0.245 -0.01741 0.02088 j
4.462 i) 4 1.828 1.434 3.873 0.150 0.344 0.04090 0.02946
4.462 i) •") 2.024 1.691 3.337 0.150 0.443 -0.03272 0.04223
4.462 1) 6 2.2 44 1.963 2.819 0.153 0.543 0.06169 0.06575
4.462 0 7 2.196 2.261 2.336 0.161 0.634 0.13542 0.12191
4.462 () S 2.751 2.564 1.705 0.172 0.730 0.43852 0.27658
4.462 1 0 1.368 0.750 8.802 0.270 -0.041 -0.00806 0.00903
4.462 1 1 1.477 0.878 9.928 0.298 0.043 0.00834 0.01019
4.462 1 2 1.493 0.948 10.422 0.306 0.151 0.02031 0.01290
4.462 I 3 1.568 1.069 9.966 0.313 0.251 0.01281 0.01162
4.462 1 4 1.638 1.170 9.658 0.335 0.348 0.00693 0.01150
4.462 1 5 1.735 1.306 8.840 0.353 0.447 0.02756 0.01339
4.462 1 6 1.879 1.499 7.472 0.360 0.546 0.01108 0.01701
4.462 1 1 2.045 1.711 6.019 0.368 0.645 -0.01593 0.02168
4.462 1 8 2.252 1.965 4.874 0.379 0.744 -0.00565 0.02987
4.462 1 9 2.517 2.275 3.854 0.392 0.839 -0.02951 0.04993
Table 5.8: M issing energy dependence of A) r  for '"’C .
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Fi^nro 5-14: .4/ r versus E m for helium. The two missing momentum bins are defined ;is follows: 
1) 0.1) < p m < 0.2 and 2) 0.2 <  />,„ < 0.4o w ith p m in G eV /c. No radiative corrections were applied. 
Errors shown are purely statistical.
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Figure 5-15: A't T versus E m for carbon. The two missing m om entum  bins are defined as follows: 
1) 0.0 <  p,n < 0.2 and 2) 0.2 <  />„, <  0.45 with p m in GeV/V. No radiative corrections were applied. 
Errors shown are purely statistical.
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5 . 3  S u m m a r y
W e have m easured  th e  A'LT a sy m m e tr y  in q u a s ic la s t  ic rea ctio n s  on  1JC an d  'H e  in ord er  to  
d eter m in e  th e  co n tr ib u tio n  o f  fina l s ta te  in te r a c tio n s  in  th e  on e-p ro ton  k n ock ou t rea ctio n . 
T h e  A'l t  a sy m m etry  arises as a  resu lt o f  th e  in terferen ce  b etw een  the d irect k n ock -ou t an d  
th e  resca tter in g  th rou gh  F SI an d  th erefore it is th e  m o st se n s it iv e  to o l for th e ir  d is e n ta n ­
g lem en t .
O ur m easu rem en ts covered  an  u n p reced en ted  k in e m a tic  range, m akin g u se o f  th e  e x ­
ce llen t ca p a b ilit ie s  o f  C L A S . T in ' m ea su rem en ts  covered  a fou r-m om en tu m  ran ge u p  to  2.4  
G eV -’/c -’ . T h e  d a ta  acq u ired  d u r in g  the E 2A  w ere 310  m illio n  (M ) triggers for 'H e  a t  2 .2  
G e V  b eam  en ergy  an d  442  M. 323  M. 346 M for '*C  at 4 .4  G eV . 'H e at 2.2 G eV , l*’C' at
4 .4  G eV . resp ective ly . A fter  even t re co n stru ctio n , th e  s ta t is t ic s  were 113 M e v e n ts  for 'H e  
at 2.2 G eV  b eam  en ergy  an d  102 M. 98 M an d  66 M for 'H e  at 4.4 G eV . '-’C  at 2 .2  G eV  
an d  4.4 G eV . resp ective ly . In th e  q u a s ie la s tic  reg im e th e  s ta t is t ic s  used w ere 2 .7  M for 2 .2  
G eV  'H e an d  0 .3  M for 4.4 G oV  h eliu m , w h ile  for ca rb o n  th e y  were 2 .7  M an d  0 .2 5  M for 
2 .2  and  4.4 G eV  b eam  en ergy, resp ective ly .
To com p are w ith  theory, a  to ta l o f  810  p o in ts  w ere ca lcu la ted  for h e liu m  an d  1100  
for carb on . O ur ca lcu la tio n s  w ere based  o n  th ree  m o d e ls . T h e  d isto rted  w ave im p u lse  
ap p r o x im a tio n  (D W IA ) [87. 52] an d  th e  o p tic a l p o te n t ia l in eik on al a p p ro x im a tio n  (O M E A )  
m o d e l are b ased  on  o p tic a l p o te n tia ls  an d  th e ir  ran ge o f  v a lid ity  sp an s up to  0 .3 0 0  G e V /c  
in  m issin g  m o m en tu m  an d  up  to  1 G eV -’/e*’ in  Q 1. T h e  re la tiv istic  m u ltip le  s c a tte r in g  
G la u b er  a p p rox im ation  (R M S G A ) is a h ig h -Q ' a p p r o x im a tio n  valid  for Q 1 >  1 G eV -’/c - ’. 
T h e  com p arison  o f  th e  th eo ry  w ith  th e  d a ta  m u st b e v iew ed  in th is  co n tex t.
Let us su m m arize  ou r find ings:
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1. O verall, tlit' m easu red  a sy m m etr ie s  in th e  q u a s ie la s t ir  region  were b elow  5%. ty p ic a lly  
in the range o f  0-3% for d a ta  w ith  g o o d  s ta t is t ic a l  u n certa in ties.
2. Large a cc ep ta n c e  sp ec tro m eters  like C L A S  c a n  ex tra ct g o o d  a sy m m etr ie s  as lon g  as  
sufficient s ta t is t ic s  are availab le
3. W h ile  areas o f  d isagreem en t w ere ob serv ed , a ll m o d e ls  sh ow ed  q u a lita tiv e  agreem en t  
w ith  ex p er im en t. H ow ever, a d eta iled  c o m p a r iso n  w ith  th eory  for IJC’ w otdd  require  
sep aration  o f  m ajor sh e lls , s in ce  th ey  c o n tr ib u te  w ith  o p p o s ite  sign  to  th e  a sy m m e tr y
-1. W ith in  th e  ran ge o f  va lid ity  o f  th e  m o d e ls  a n d  su m m in g  over th e  final s ta te s , we s«*e 
no co m p ellin g  ev id e n c e  for e x o tic  p ro cesses  th a t w ould  sign ifican tly  m o d ify  th e  LT' 
interference.
D ep en d in g  on th e  d a ta  set and th e  k in em a tic s  in v e stig a ted , th e  m easu rem en ts w e m ad e  
w ere ch aracterized  by s ta t is t ic a l errors in th e  ran ge o f  a cc ep ta b le  to  large but w ith  corre­
sp o n d in g  sm all s y s te m a t ic  errors. T h is  o b ser v a tio n  is an im p ortan t p oint in .assessing th e  
p o te n tia l o f  the tec h n iq u e  for future m ea su rem en ts.
5 . 4  O u t l o o k
In gen era l, the in h eren t accu racy  o f  th e  h e lie ity  .a sym m etry  m easu rem en ts an d  th e ir  in sen si­
t iv ity  to  m ech an ism s o th e r  th an  FSI m ake th em  a  p ro m isin g  too l for ev a lu a tin g  resca tter in g  
effec ts  co n sis te n tly  b ey o n d  th e  m ean-field  ap p roach .
T h is  survey d e m o n str a te s  th e  feasib ility  o f  C L A S  for th e se  ty p e  o f  stu d ies . Im p rovem en ts  
in th e  event a cq u is it io n  rate m ake it p o ss ib le  n ow  to  run at 4.4 kHz. com p ared  w ith  2 .2  
kH z at th e tim e o f  ou r exp er im en t.
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Appendix A
ELECTRON MOMENTUM CORRECTIONS FOR 4.4 GeV 
DATA
O u r lack o f  know ledge regard in g  th e  d e ta ils  o f  m agn etic  field m a p p in g  in  th e  C L A S  
d e te c to r  w ill in fluence th e  e x a c tn e ss  o f  ou r m easu rem en ts o f  th e  m o m e n tu m  v ec to r . W h at  
o n e  can  d o . u sin g  as a reference so m e  w ell know n p rocess, is to  in tro d u ce  a  fu n c t io n  th at  
w ill correct th e  m om en tu m  as a fu n c tio n  o f  its  orien ta tion  (on e ch o ice).
For th is , it is handy to  use a s im p le  an d  w ell know n in teraction: e la s t ic  sc a tte r in g  o f  
c~  o n  H. T h is  an a ly sis  p resen ted  in th is  m ateria l is done on E l H.» d a ta  at 4.-1 G e V . at a 
to ru s  current o f  2250 A. Prom  th e  w h o le  invariant m ass sp ec tru m , we se le c t  th e  W  range  
from  0 .8 0  to  1.05 G eV . w hich  co r re sp o n d s to  th e  e la stic  peak (see  F ig .A -2 ) . W e d iscard  
d a ta  w ith  0  <  10". T h is  se lec tio n  leaves us w ith  ap p rox im ately  5% o f  th e  to ta l  n u m b er o f  
e v e n ts  in th e  ro o tD S T  file. W e m ake tin 1 a ssu m p tio n  that th e  co rrectio n s d er iv ed  in th e  
e la s t ic  region  w ill hold  for th e  w h o le  sp ec tr u m .
A . l  M e t h o d
In gen era l there is no co n se n su s  o n  th e  exp ression  that th e correction  fu n c t io n  sh ou ld  
h ave. It c lea r ly  w ill d ep en d  on th e  a b so lu te  value p  o f  the m o m en tu m  o f  th e  e lec tr o n  ;is 
w ell as on  its  an g les 0 and  o .  an d  w e e x p e c t  varia tion s from sector to  se c to r . T h e  gen eric  
e x p r e ss io n  is then:
Pcorr =  f ( p . O . O . s )  ( A . l )
w h ere  p roTr w ill be th e  real' va lu e, an d  s  in d ica tes  tin 1 sector.
S in c e  th e  m ain  u n certa in ties  are d u e  to  th e  d istr ib u tio n  o f  th e  toru s field  an d  an g les  
m a in ly  d efin ed  by D C  geom etry , w e a ssu m e  th a t th e  an gles are m easu red  c o r r e c t ly  an d  th e  
va lu e  o f  th e  m o m en tu m  n eed s to  b e  corrected . T h is  is to  say th a t e q .( A .l )  m a y  bo w ritten  
;is:
P c o rr  =  P  ■ \ { 0 .  0 .  s) (A .2)
T h e  g eo m e tr y  o f  th e  d etec to r  im p lie s  a certa in  correlation  b etw een  th e  ra n g e  o f  <t> an g le  
a n d  th e  0  o f  a  d etec ted  p artic le . At large 0  va lues, th e  0  range is large a n d  m o st o f  th e  
p a r tic le s  are far from th e  ed g es o f  th e  fid u cia l region , w hile  at sm all 0.  w h ere th e  O range is 
q u ite  sm a ll, th e  influence o f  th e  v ic in ity  o f  th e  co ils  is m ore sign ifican t (see  fig u res A -3  an d  
A -4 ). B u t th e  am oun t o f  th is  effect w ill b e  a lm ost co m p lete ly  e lim in a te d  b v  th e  fidu cia l 
cu ts .
In a g o o d  ap p rox im ation , th en , w e can  a ssu m e that the correction  fu n c tio n  \  from  
e q .(A .2 )  can  b e  factorized  as:
=  f  . (O .s )  ■ / , ( o . . s )  (A .3 )
14ti
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Figure A -1: Trajectory of an electron in CLAS.
w here f \  an d  /_> are d ifferen t fu n c tio n s  for each  secto r  s.
In th is  c;ise. th e  p roced u re  is sim p le: we correct th e  0  d ep en d en ce , insert it in to  the
co d e , an d  w ith  it d er iv e  th e  0  co rrectio n  fu n ctio n s. T h e overall correction  fu n ctio n  \  w ill 
b e th e  p rod u ct o f  th e  tw o.
A . 2  C o r r e c t i o n  F u n c t i o n
T h e  correction  fu n ctio n s  are s im p ly  th e  ra tio  b etw een  th e  ca lcu la ted  m o d u lu s  o f  th e  e lec tron  
m om en tu m  p rai,. an d  th e  m easu red  o n e  p eTp. for each  sector.
r  , i P r a l c  ( f*i • ,s) . /> / t n/.(a,.*) = - =  0. (*•_• = 0  (A .4)
P e z p
For th e  e la s tic  sc a tte r in g  o f  e lec tr o n  we can  a p p ro x im a te  su ccessfu lly :
Ebearn i \ r \
Pt 'dl c  i i i t  / l  . a t / *  \A .O )1 4" E ^ u r r t  ( 1 COS u )  j  f l i p
w here =  4.4 G e V  is th e  b ea m  en ergy  (w e assu m e th a t th is  is a ccu ra te ly  m easu red ),
and  n i p  is th e  m ass o f  th e  p ro to n . T h e  form ula  (A .5) co n ta in s  no 0  term s, an d  therefore  
w e ca lcu la te  j \  b ased  on  th e  a ssu m p tio n  o f  iso trop y  in 0 .
W e p lot th e n  th e  ra tio  f \  from  ( A .4) versu s 0  for each  se c to r  (p lease se e  th e  ex a m p le  in 
F ig .A -5 ). O b ta in e d  tw o -d im e n s io n a l h isto g ra m s, like th e  o n e  in F ig .A -o .a . are s lice d  a lon g
0 . each  s lice  f itted  w ith  a G a u ss ia n  an d  th e  m ean  values p lo tte d  again  versu s 0 . T h e  grap h
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in F ig .A -5 .b  sh o w s th e  fit to  th e  ce n tr o id s  o f  th e  G a u ssia n s  w ith  a p o ly n o m ia l fu n ction . 
T h en  p o ly n o m ia l fu n ctio n  is u sed  as a  co rrectio n  fu n ctio n  s ) .  In figure A .7 (a )  o n e  can  
see how th e  p o s it io n  an d  w id th  o f  th e  e la s t ic  p eak  in W  is ch an ged  (com p are w ith  F ig .A -2 ).
A fter th e  <t> co rrectio n  is d on e, th e  sa m e  p roced u re  is rep eated  for p aram eter iz in g  f>(0).
T h e  a lg eb ra ic  fu n ctio n s th a t we foun d  th e  m ost su ita b le  (see figures A -5 a n d  A -6) are:
f\(0.  >•) =  (A .6)
/ , ( 0 . . s )  -  « ,  +  - c - e (A .7)
w here P> is a  se co n d  d e g r w  p o ly n o m ia l a n d  a ,  is a fit p aram eter. O n e n o tic es  th a t we 
tried  to  lim it o u rse lv es to  th e  s im p lest  fu n ctio n s. T h e  correction  in 0  is a p arab o la , an d  we 
found th a t it fits very w ell the p o in ts  in F ig .A -5 .b  w ith in  th e  region  o f  in terest. If at the  
ex tr em itie s  it g o es w rong, it d oes not a ffect th e  final resu lt b eca u se  th ese  reg ion s w ill be  
cut out an yw ay  w h en  th e  fidu cia l c u ts  are ap p lied .
Tilt* co rrectio n  in 0  is a l it t le  m ore c o m p lic a te d  (eq .A .7 ). At larger 0  a n g les  /_>(0) 
reaches a p la te a u . T h erefore , we insert th e  offset a ,  an d  th e  inverse ex p o n en tia l fu n ction  
r  w ith  w h ich  we force th e  p o ly n o m ia l in to  a flat h orizon ta l cu rve in th is region  (th a t w ill 
be a p p r o x im a te ly  ab ove  25'’. ;is seen  in figure A-G.b). S in ce  we are not in terested  in w hat 
h ap p en s b elow  0  =  16". th e  co n tin u a tio n  o f  th e  fu n ctio n s in th is  region is not gu aran teed  
to  hold.
As on e m ay have n o ticed , not a ll th e  d e ta ils  o f  th e se  p lo ts have been  fitted . W hat we 
in ten d ed  to  correct is th e  gen eral tren d  a n d  th is  is su cc essfu lly  a cco m p lish ed  w ith  b o th  0 
and 0.
T h e  n u m b er o f  th e  resu ltin g  p aram eters is 6 x (4 +  8) =  42. T h e  p aram eters o f  correction  
fu n ction s g o  in to  th e  file EMCP.4GeV. p a r  th a t is read by SetMomCorrParameters() 
in clu d ed  in th e  TE2AnaTool package.
In F ig .A .7 (b )  y o u  can  see  th e  final a sp ec t o f  th e  e la s tic  p eak  in W' (th e  p eak , ideally , 
sh ou ld  b e cen tered  a t  0 .9882  G eV /c*’. co rresp o n d in g  to  th e  m ass o f  p roton  rn^). A ssu m in g  
that th e  reso lu tio n  sca les  w ith  th e m a g n e tic  field , o n e  e x p e c ts  from  oth er such  ca lib ra tio n s  
(e.g. E l e x p e r im e n t)  th a t a reso lu tio n  b etw een  19.6 a n d  2 4 .0  M eV /c^  is feasib le . W e get 
here an overa ll a  =  20 .8  M e V /c* .
A look  at th e  en erg y  sp ec tra  o f  th e  e lec tr o n s  in F ig .A -8  sh ow s g o o d  agreem en t w ith  the  
con c lu sio n s d raw n  in [102]. A s w e set' in th is  figure, th e  sh a p e  o f  th e  d istr ib u tio n  is not 
ch an ged  m uch  by th e  m o m en tu m  co rrectio n s, ex c ep t th e  h igh  e n e r g y /sm a ll 0 region . T h is  
is d u e to  th e  e x tr e m itie s  o f  th e  fit cu rves a s  d iscu sse d  ab ove. O n ce  we d iscard  d a ta  b elow  
0 =  16°. th e  u n p h y sica l p o in ts  van ish  a n d  th e  cu rve agrees w ith  the on e d ic ta te d  by th e  
fiducial cu ts  (see  [ref.2j).
A . 3  S u m m a r y
W e m ad e th e  im p o rta n t a ssu m p tio n  th a t th e  correction  fu n ctio n  can  be factorized  in a 
<y and a  0 -d e p e n d e n t  p art. W e ch ose to  correct th e  m o d u lu s  rath er th an  th e  o r ien ta tio n  
o f  th e  e lec tr o n  m o m en tu m  vector. F irst th e  4> d ep en d e n c e  is corrected , th en  in c lu d ed  in to  
the co d e , th e n  u sed  to  d erive th e  ^ -d ep en d en t correction . T h e  corrected  m o m en tu m  vector  
preserves th e  a n g le s  from  th e  E Y N T  bank  but has th e  m o d u lu s  m odified  by form ula  (A .2).
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Mon? d e ta ile d  in form ation  a b o u t the- p roced u re as w ell a s  for th e  co d es  used  to  d er ive  
th e se  re su lts , th e  reader is a d v ised  to  c o n su lt  th e  ex te n s iv e  d o cu m e n ta tio n  availab le on  w eb  
in  [104].
Invariant Mass w
Nant = 42140 
Mtan =0.9172 
RMS =0.06703 
Chi2 /  ndf = 15.58/13 
Constant = 1073 ♦-10.48 
Mtan = 0.9016 ♦- 0.0003658 
Sigma = 0.02801 ♦- 0.0008405
12.
Figure A-2: The clastic peak in \V before applying any corrections. All sc'ctors together.




Figure A-3: P lots o f the correction } \  versus the angle o  for different 6 intervals: 16° <  6 <  20" (a). 
20° <  0 <  25° (b).





Figure A-4: Plots of the correction f \  versus the angle o  tor two other 8 intervals: thvta  >  '25'' (a) 
and 8 <  16l> (b).
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F illin ' A-5: Pints of tin* correction versus the angle o  for > 16": a 2D Histogram I le ft) is sliced 
and fitted (right). Only sector 3 is shown. For the other five plots. ple;tse see [104]
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Figure A-6: Plot of the correction / j  versus the angle 0 (left) and the fit with the function from 
eq.( A .7) (right). Only sector 6 is shown. For the others, please consult [10-lJ.
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Invariant Mast
N«nt = 40133 
Mean = 0.9493 
RMS = 0.04856
CM2/ndf = 5.649/11 
Constant = 1616 ♦- 139.4 
Moan = 0.9359 ♦- 0.002251 






Nsnt = 40100 
Moan = 0.9496
RMS =0.04579 
CM2 / ndf = 9.15/11 
Constant = 1696 ♦ - 13.09 
Msan = 0.936 ♦ - 00001786 










Figure A'7: Tin1 elastic peak in \V (a) after o-corrections were applied. All sectors. T he width 
decreases to 21 MeY and the mean value shifts to 0.93G M eV /c‘ .(b) when all corrections are done: 
the peak is now even sharper.




N « n t  =  1 5 6 9 2 * 5  
M a a n  =  1 5 5 *  
R M S  =  1 0 0 5
Figure A-8: The a-spiTt of the energy spectrum  before (1) after the corrections (2). w ith the events 
below 0 =  16“ discarded (3) and with the fiducial cuts applied (4). The unphysical tail in (2) 
vanishes when the erroneous events are discarded. Notice the agreement with the fiducial cuts.
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Appendix B
ELECTRON FIDUCIAL CUTS FOR 4.4 GeV DATA
B . l  I n t r o d u c t io n
In e lec tro n  sc a tter in g  ex p er im en ts w ith  C L A S . th e  recorded  event is accep ted  for p h ysics  
a n a ly s is  if  th e  sca ttered  e lectron  is id en tified . For e lec tro n  id en tifica tion , in m ost cases, 
valid  s ig n a ls  in a ll four d etectors are required . E lectron  d etec tio n  efficien cy  a ro u n d  th e  
m id plant' in each  sector is rep rod u cib le  in th e  G E A .N T  (CISIM) s im u la tio n s. D u e  to  th e  
co m p lic a te d  readou t stru ctu res o f  E C  an d  C C . d e te c tio n  an d  recon stru ction  effic ien cies  are 
not w ell u n d ersto o d  in the regions c lo se  to  th e  toru s co ils , an d  dost* to  th e d ea d  ch a n n els  
o f  d e te c to r  e lem en ts . In order to  m in im iz e  sy s te m a tic  u n certa in ties in th e  p h y sic s  a n a ly s is  
it is im p ortan t to  accept even ts in th e  fid u cia l region  o f  th e  d etec tor , w here effic ien c ie s  are 
u n d er sto o d .
F id u c ia l cu ts  for electron s in vp  sc a tte r in g  ex p er im en ts  were derived  earlier by V .B u rk ert  
et.  at. [79] for th e  C L A S /E 1  runs. T h ese  cu ts  d efin e a region  in th e  p ro d u c tio n  (0.  0 ) 
sp a ce  for a  g iven  m om en tu m , w here d e te c tio n  effic ien cy  is a lm ost co n sta n t on  0  .and can  
fie rep rod u ced  in sim u la tion s. A lth o u g h  tfiese  fu n ctio n s  sh ou ld , in p rin cip le , sc a le  w ith  
m o m en tu m  an d  th e  m agn etic  field, it is not a lw ays p o ss ib le  to  use th e  sam e fu n ctio n  d u e  
to  d ifferen t run co n d itio n s  (bad  ch a n n e ls , target p o s it io n , trigger, e tc .) .
D a ta  taken  at b eam  en ergy  E 0 =  4 .4  GeV' d u r in g  th e  C L A S /E 2  run d o  not have  
C eren k ov  cou n ters in th e  Level 1 tr igger o f  th e  C L A S  D A Q . T h e m ain  m o tiv a t io n  for 
e x c lu d in g  C’C from  the trigger is th a t a  lot o f  E 2-reIated  p h ysics p rop osa ls  are focu sed  
a rou n d  th e  k in em a tic s  o f  q u a si-e la stic , d ip  an d  A  p ro d u ctio n  regions, s ta r t in g  from  m o­
m en tu m  tran sfer Q i  as low as p o ss ib le . S ca tte re d  e lec tro n  m om en tu m  in th i'se c o n d it io n s  
is g en era lly  ab ove  th e  p ion  th resh o ld  in C C . an d  c / t t  re jection  relies 011 forw ard e le c tr o m a g ­
n e tic  ca lo r im eters only. E x c lu d in g  C C  cu t from  e lec tro n  id en tifica tion  m akes th e  fidu cia l 
region  very d ifferent from  th e  p rev io u sly  d efin ed  reg ion  for E l .  In th is  report w e d escr ib e  
th e  p roced u re  for e lec tron  se lec tio n  an d  d e te r m in a tio n  o f  th e  fiducial vo lu m e o f  th e  d etec to r  
w ith o u t  C eren kov counters.
T o  d erive  th e  fiducial cu ts  sh ow n  here. 'H e d a ta  h as b een  used . D ue to  d ifferen t p o s it io n  
a lo n g  th e  b ea m lin e . w hen  ap p lied  to  so lid  target d a ta , th e se  cu ts  w ill b e  a b it to o  tig h t.
B.2 O u r  M e th o d
W e d efin e  a  "cut" as a tw o-d im en sion a l d o u b ly -cu rv ed  su rface p assin g  th rou gh  th e  three- 
d im e n s io n a l (p.6.(t>) sp ace, en v e lo p in g  th e  reg ion  th a t sa tis f ie s  certa in  se lec tio n  cr iter ia . In 
ou r ca se , as w e s ta te d  ab ove, th e  cr iter ion  w ou ld  b e • u n iform  accep tan ce" . We d efin e  apriori 
ou r "uniform  accep tance"  p la teau  as th e  region  c o n ta in e d  b etw een  th e  stee p  r ise a n il th e  
su d d en  d rop  on a  cou n ts vs. <f> h isto g ra m  d raw n  at g iv en  p an d  0".
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T o d e ter m in e  th e  eq u ation  o f  th e  ru t su rface , w e d o  th e  follow ing:
1 . se lec t "good" electron s w ith  cu ts  on  th e  forw ard e lec tr o m a g n etic  c a lo r im e te r  (E C )
2 . se lec t th e  flat accep tan ce  reg ion s for sm a ll b in s  o f  m om en ta  in th e  0  an d  o  sp ace .
3. fit th e  final coeffic ien ts w ith  sm o o th  fu n c t io n s  o f  (/>. 0  and <>).
A s a n o te  to  th e  reader: frequent references in th is  tex t point to w a rd s th e  wel>-based  
d o cu m e n ta tio n  ([102] and [103]). T h e  w eb site  c o n ta in s  co m p lete  d o c u m e n ta tio n , p rogram s  
an d  nil  th e  g rap h ics to  illustrate th e  p rocedu re. S o m e  tilt* nam es are g iv en  in  th e  te x t  in  d ie  
event that th e reader w ould like to  cu sto m ize  ou r c o d e s  an d  procedu re for b is (h e rs)  fidu cia l 
cu ts .
B .3  S t e p  O n e : Fo rw ard  C a l o r im e t e r  C rr
A s w as m en tio n ed  above o n ly  forward EC  in fo rm a tio n  w ill be u sed  for e le c tr o n  id en ti­
fica tion . S in ce  th e  ratio  o f  the d ep o s ite d  en ergy  in EC to  th e m o m e n tu m  o f  th e  p a rtic le  
m easu red  in D C  ( E f - c / p )  is the m ain  to o l for rr/r re jection , we w ill d efin e  th e  fid u cia l region  
as a rcijion where the electron d i s t r ibu t ion  is co n s t a n t  on O af ter  the ca t  on d e p o s i t e d  enertpj.  
C o n seq u en tly , reg ion s where d u e  to  show er leakage m easu red  en ergy  is le ss  th a n  it sh o u ld  
b e are e lim in a ted . (Then* are o th e r  cu ts  th a t w ill b e  used  for final e le c tr o n  se le c tio n , like 
en ergy  d e p o s it io n s  in the inner an d  ou ter  p arts o f  EC . or the w id th  o f  a sh ow er. T h ese  
q u a n tit ie s  rem ain  s ta b le  in the fidu cia l region  d efin ed  ab ove.)
T h e  sc in tilla to r s  in the forward e lec tr o m a g n etic  ca lo r im eter  are g ro u p ed  in th r ee  p lan es, 
d en o te d  as ( '. V  an d  W . T h e sc in tilla to r  bars in th e  C p lan e have an  o r ie n ta t io n  p erp en ­
d icu la r  to  th e  b eam  a x is , w hile th e  sc in tilla to r s  in th e  V an d  W p lan es are ro ta te d  by 120". 
In F ig .B .l (a )  th e  d istr ib u tio n  o f  e lec tro n s on  th e  ca lo r im eter  s id es is sh o w n . T h is  d efin es  
a n a tu ra l sy s te m  o f  coord in ates th a t  is th e  m ost co n v en ien t to  u se for d e fin in g  g ix im etr ica l 
cu ts .
It is usefu l to  s tu d y  th e varia tion  o f  th e  ra tio  E ^ c / p  versus ca lo r im e te r  c o o r d in a t e .  
S uch  a p lo t is sh ow n  in F ig .B .1 (b ). w ith  p  >  0 .9  G eV . P lo ts  for certa in  e n e r g y  su b ra n g es  
are a v a ila b le  for reference in f 102].
A s a  first step) e lectron s w ith  E p c / p  >  0 .2  w ill b e  se lec ted  (s«v F ig .B .1 (b ) ) .  In F ig .B -3  
a m agn ified  pilot o f  th e  above m en tio n ed  d is tr ib u tio n  is sh ow n . For c la r ity , o n ly  e lec tr o n s  
w ith  m o m en tu m  p  >  3 .0  G eV  are kepit here, g iv en  th a t e lec tron s w ith  m o m e n tu m  in th is  
range are d e te c te d  m ain ly  at forw ard an g les , an d  are m ore se n sitiv e  to  ou r ue ie  cu t .
It is seen  th a t in th e  regions v >  371 and  w >  4 07 . th e  ratio  E p c j p  d ro p s  d ra m a tica lly . 
T h is  is d u e  to  th e  e lectron  sh ow er leakage o u t o f  th e  s id es  o f  th e ca lo r im ete r . S im ila r  pilots 
had b een  m ad e for in d iv id u a l sec to rs an d  th e y  are ava ilab le  in [102]. C u ts  on  th e  ed ges  
u >  20 cm . i' <  371 cm  and te <  407 cm  w ere a p p lied  to  se lect e v e n ts  w ith  E p c / p  >  0.2  
G eV . (It w;is co n c lu d ed  that u sin g  d ifferent c u ts  for each  sector w as n ot n ece ssa r y .)  F igu re  
B -4 sh o w s su ch  a  cu t (u > 20. v < 371. w < 4 0 7  a n d  E ^ c / p  > 0 .2 ).
W e have s tu d ie d  th e  b eh avior o f  th e  E „ J E out ra tio  versus th e  E C  c o o r d in a te s  (w ith  
E in• Eout b ein g  th e  en ergy  loss in  th e  inner an d  th e  ou ter  piarts o f  th e  E C . re sp e c tiv e ly ) . 
B u t. as it can  b e foun d  in [102], th e se  q u a n tit ie s  d o  n ot d ep en d  on  th e  p o s it io n  on  E C . after  
th e  a b o v e  cu ts.
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O ur final cr iter ia  for th e  p rep aratory  c u ts  w ou ld  th en  be:
u >  20. r  <  3 7 1 . u' <  407 . E p c / p  >  0 .2 ( B . l )
F igu re B -5 illu s tra te s  how  th is u v w  cu t reflerts o n to  th e  ene*rgy spe*ctrum o f  th e  e le c tr o n s  
th a t we d e tec t.
T h e c o n d itio n s  in eq u a tio n  ( B . l )  are im p o sed  o n  tin' d a ta  used  to  derive* th e  fid u cia l 
cu t . to  se lect a set o f  w ell id en tified  e lec tr o n s . T h e y  w ill not e x p lic it ly  show  in th e  final 
cu t . w hich  is p u rely  g eom etr ica l. A lso , in  th e  p h ysics  a n a ly s is , d a ta  b elow  0 .9  G eV  an d  10" 
in 0  w ill be d isca rd ed , since1 th is  is be-low the* trigge*r thre'shold an d  is c lear ly  outside- o f  the* 
acce'ptance- region  o f  C’L A S.
B . 4  S t e p  T w o : F i n d i n g  t h e  U n i f o r m  A c c e p t a n c e  R e g i o n
Afte*r we* have* se lec te d  ■•good” e*le*e tro n s . ;is de-scribe-d in the- pre-vious se-ction. we- proce-e'd 
to  s tu d y  the- dcpc’udf'nce o f  the- de-te-ctor acce'ptance* on  angle's an d  e-ne-rgy.
Figure- B-0 sh ow s some- ty p ica l (c>.0)  p lo ts  afte-r the- forw ard calorime-te-r cu t has be-e-n 
ap p lied .
T h e  e-ne-rgv range- w as divide-d in sm a ll b in s an d  th en  for e-ach e*ne*rgy bin an d  for e-ach 
se-ctor tw o-dim e-nsional d is tr ib u tio n  o f  eve-nts in 0  an d  o  plane* is studie'd. In figure* B -7  a 
n um ber o f  su ch  d is tr ib u tio n s  are pre*sente*d. Re'gions w ith  black  p o in ts  we*re* cu t o u t w ith  
c u ts  ele*scribe*d ab ove. T h e  en ergy  b in  w ielth  is se*t to  lOOMeV. The* i-ne-rgy b in  n is de*fine*d 
as the- range* be*twe*e*n 0.1 x n an il 0.1 x (n  4- 1) Ge*\'.
T h e  h isto g ra m s in F ig .B -0  e*xhibit a  w ell contem n'd  seunieircular re'gion. surrouneled  bv a 
fuzzy  re'gion. W e w ant to  sele*ct th is  so lid  are*a o f  the* h isto g ra m , whic h is th e  Hat accep tan c e* 
re'gion. and d iscard  th e  blurre'd area  su rro u n d in g  it. For th is , we* w ill fit its  con tou r w ith  a 
fu n ctio n  <p(0. E n ..s).  w h ere E n is the* e*nergy b in . s  th e  se*ctor an d  0  th e  angle*.
O f cou rse, b efore th is , on e ne*eds to  a cc u r a te ly  d efin e w h at me-ans "flat". For th is  
purpose*, w h at we* d o  is slice- the-se tw o-d im e-n sion al p lo ts  in  the-ta b in s 1 o f  I", and fit th e se  
h isto g ra m s w ith  a  tra p ez o id a l fu n ction .
T h e  fu n ction  u sed  is:
S om e ty p ica l tra p ez o id s  (fitte-d 0-slioi*s) are sh o w n  in F ig .B -8 . M ore can  be fou n d  in
W e found  th e  p ro ced u re  to  g ive  us re-liable* resu lts  in  over 90% o f  th e  fits . T h e  proce'dure
th a t occu rred  w ere not correcte-d m an u a lly , b eca u se  th e  resu lts  (p aram eters) o f  th e se  first
1 b in  n is from  n  elogre-es f ) to  (n  +  1) <lt-grt*e-s
(B .2 )
[102]. N ow . on  th e se  p lo ts , th e  top  h o r izo n ta l s id e  o f  th e  trape-zoid is our "flat" a c c e p ta n c e
region .
is a u to m a tic  an d  th e  c o d e  u sed  ( c o n c a t . c c )  can  be* fou n d  in [103]. T h e  fe*w b ad  fits
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g en era tion  fits  are fitted  as a fu n ction  o f  0  a fterw ard s. T h is  way. b o th  s ta tis t ic a l and  
p rocedu ral errors are a u to m a tica lly  m in im ized .
T h e  c o o r d in a te s  o f  th e  ed ges o f  th e  to p  o f  th e  tra p ez o id . for each  en ergy  b in  and secto r  
are w ritten  to  a  file n am ed  f id u c i a l - O O .d a t .  T h is  is a  tex t  file o rgan ized  on  s ix  co lu m n s,
each  row c o n ta in in g  th e  follow ing: a version  sta m p , th e  en ergy  b in  n um ber. 0  b in . secto r
n um ber. po a n d  p \ .  w h ere p aram eters po an d  p\  are th e  c o o r d in a tes  o f  th e  ed g es  o f  th e  top  
o f  th e  tra p ezo id  (see  F ig .B -8 ).
W e u se a n o th e r  co d e  ( f c f i t . c c [ 1 0 3 ] )  to  fit th e se  p o in ts  w ith  a fu n ctio n  o =  0(0 .  E n . s ) .  
for every  en erg y  b in  and  sector. T h e p roced u re is c o m p le te ly  a u to m a tic .
T h e fu n ctio n  o  =  0 ( O . E n. s )  that m ost accu ra te ly  d escr ib es th e  co n to u rs in F ig.B -fi is
oi0) = f Mi - i i t f - f u M^ i r 1) mu<o<t l ([U)
[ 0 o th erw ise
w here th e  co e ffic ie n ts  n . h . t ,  con ta in  tin* d ep en d e n c y  o n  E„ and  s. T h e  a ctu a l an gle o is 
ob ta in ed  by sc a lin g  th is  form ula for each  sector:
h'„.s) = fil)(.s -  1) *  o(0) (B. l)
w here th e  s ig n  +  s ta y s  for th e  upper b ranch  (w ith  co e ffic ien ts  « i . b \ . t t). t \ ) an d  th e  ' —' sign  
is for th e  low er (d escr ib ed  by iiq. bo. / | ).
A p lot il lu s tr a t in g  th is  s te p  is in F ig .B -9 . T h ese  se co n d  g en era tion  se t o f  p aram eters  
are saved  in to  th e  file f i d u c i a l - 0 1 . d a t .  w hich  is org a n ized  ;is follow s: each  row co n ta in s a  
version  s ta m p , en er g y  bin  num ber, th e  lim its  to ;m (l ft <tnd th e  «o .6u . u \ . b \  cu rvatu re an d  
w id th  p a ra m eter s  for th e  lower and u p p er h alves, r e sp ec tiv e ly  (p le a se  see  eq u a tio n s  (B .3 )  
and ( B .4 ) an d  F ig .B -9 ) .
B . 5  S t e p  T h r e e : S m o o t h  It
W h at is n ew  in th e  present p rocedu re o f d er iv in g  th e  fidu cia l cu ts  is th a t we d id  not 
lim it ou rse lv i’s  to  o b ta in in g  a set o f  em p ir ica l va lu es b u t w e tried  to  find a  sy ste m a tic s  th a t  
w ould g ive  u s a  c o n s is te n t  set o f  p aram eters.
W e have o b ta in e d  62 different 4 -p aram eter  fu n c t io n s  <t> =  0 (0 . .s), o n e  for each  secto r  
an d  en ergy  b in  co n sid er ed . N ex t, we w ant to  fit th e  co e ffic ien ts  o f  th ese  fu n ctio n s  in order  
to  o b ta in  a s m o o th  fu n ctio n  0  =  f o . i ( 0 .  E .  s)  th a t is to  b e in c lu d ed  in ou r T E 2 A n a T o o l  
package for cu rren t u se in  a n a lysis . For th is , we have a n o th er  co d e , f c 2 f i t . c c  [1 0 3 ] .  th a t  
reads th e  o u tp u t  ta b le s  o f  th e  p rev iou s s te p  to  p ro d u ce  th e  final p aram eter file.
W e rem in d  th e  reader th a t th e fu n ctio n  in e q u a tio n  (B .3 )  is used  to  d efin e  th e  a cc ep ta b le  
an gular ran ge ( 0 - 0 )  for th e  d etec ted  e lec tro n . In th e  p resen t ap proach , w e d id  not requ ire  
th a t th e  a c c e p te d  region  is sy m m etr ic  w ith  resp ect to  th e  m id -p la n e  o f  th e  sector, so  w e  
have tw o s e ts  o f  p a ra m eters a . b  for each  en ergy  b in  a n il secto r  (u p p er  an d  low er h alves in  
F ig .B -9 ).
O n e b e lie v es  th a t th e  first two p aram eters, to an d  t \ .  sh o u ld  reflect th e  g eo m etry  o f  th e  
d e te c tio n  sy s te m . T h e  p aram eters a  an d  b are re la ted  to  th e  range in <f> th a t is a cc ep ta b le  
for d efined  v a lu es  o f  0.  i.e . to  th e g eo m etry  o f  ou r d e tec to r . T h u s, w e ex p e c t  that th e
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v a r ia tio n  o f  th ese  coeffic ien ts w ith  th e  en ergy  E  m u st b e  sm o o th . In figure B -10. on e finds  
e v id e n c e  th a t th ese  d e p en d e n c ie s  ca n  b e d escr ib ed  b v  sm o o th  fu n ction s.
T h e  fittin g  p roced u re th a t g iv es  us th e  final se t o f  p aram eters t o - a n d  
is c o m p le te ly  a u to m a tic . To d e sc r ib e  th e  en ergy  d e p e n d e n c e  o f  and  <( we use a pow er  
fu n ction :
t, -  c l l £'r-' i = ( ) . l  (B .o )
an d  for th e  o th er four p aram eters a p o ly n o m ia l fu n c t io n  o f  d egree five:
r - A E )  =  Y , r ’' E'n ,B t i )
n  :t)
H ow ever, in the final version  o f  th e  co d e , there is a sw itc h  that on e ca n  use to  set a lw ays  
th e  low er lim it for t\ at TV’, w h ich  is a c tu a lly  th e  h a rd w a re  lim it on 0  in  th e  EC for stra igh t  
tracks.
T h e  th ird  g en era tio n  p a ra m eters a ll go  in to  a file nam ed: f i d u c i a l . 0 2 .p a r .  that 
is read  at in it ia liz a tio n  by th e  ro u tin e  S e t F i d u c i a l C u t P a r a m e t e r s ( ) .  in clu d ed  in th e  
T E 2 A n a T o o l  package. T h is  file is organ ized  on  e ig h t co lu m n s: first is a tag. secon d  is th e  
se c to r  num ber, an d  th e  n ext s ix  an* th e  coeffic ien ts o f  th e  fu n ctio n s in eq u a tio n s  (B.o)"’ and  
(B .(i).
F ig u re  B -l 1 sh o w s th e  overa ll resu lt o f  the f id u cia l c u t  as m ade by u sin g  th e  final version  
o f  th e  rou tin e . P lea se  n o tice  th e  n arrow in g in th e  forw ard  region .
In so m e  sectors (see  F ig .B - l  1). w e n o tice  so m e sm a ll g a p s . T h ese  are b e tte r  corrected  for 
in  a  se p a r a te  p roced u re th a t e lim in a te s  fau lty  s c in t illa to r s  an d  bad D C  region s, therefore, 
th e  p resen t version  o f  fid u cia l c u ts  p roced u re d o e s  n o t co n ta in  th is  fea tu re. F igu re B -12  
sh o w s so m e  en ergy  b in s after th e  fid u cia l cu t.
It is in terestin g  to  see  th e  en erg y  d istr ib u tio n  o f  th e  sc a tter ed  e lec tro n  after th ese  cu ts . 
F ig u re  B -13  com p ares th e  shape* o f  th e  d is tr ib u tio n s  a t  variou s sta g es  o f  ou r procedure'. Let 
us ta k e  a  look at it: we> lose* q u ite  a  lot o f  d a ta  w ith  th e  u v w  cu t. b u t. aga in , th is is "bael" 
elata . T h e  E ^ c / p  co n d itio n  c u ts  o u t even  more*, b u t w e see  th a t it d o esn 't  b ias th e  final 
d is tr ib u tio n .
W e n o tice  a d isp r o p o r tio n a te  loss o f  h igh  e n er g y  e lec tr o n s  th a t is ex p la in ed  by the* 
forw ard  p eak in g  o f  th e  h igh  en erg y  e lec tro n s, a t angle's w h ere th e  C L A S  a ccep ta n ce  is 
sm a ll, n ot flat an d  h en ce cu t o u t by th e  fid u cia l c u ts . T h erefore, w e w ould  need  m ore  
d e ta ile d  m eth o d s for o b ta in in g  o u r  a cc ep ta n c e  fu n c t io n  at en erg ies a b o v e  3 .5  G eV.
B . 6  S u m m a r y
W e p rep ared  th e  terrain  w ith  th e  forw ard ca lo r im e te r  cu t . e lim in a tin g  by th is  th e  e lec ­
tro n s  th a t  w ere not p rop erly  d e te c te d . W e sp lit  th e  a n g le -en erg y  ran ge in sm all b in s and  
find  th e  con tou r  o f  th e  region  o f  in te re st, that is the  c o n s t a n t  accep tance  p la teau . W e get 
from  th is  a  set o f  cu rves. W h at is in s id e  th e  co n to u r  p a sse s  as O K . w h a t is o u t is d iscard ed .
■obviously, only two of the rows corresponding to the power functions contain nonzero values
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F urth er, we w an ted  to  e l im in a te  th e  co n stra in t o f  a  fixed  b in  w id th , w hich  is n o t very  
co n v en ie n t if  we w ant to  en su re f le x ib ility  o f  th e  a n a ly s is  softw are. H ence, we f itte d  each  
o f  th e  coeff icients  o f  th ese  fu n ctio n s  w ith  a fu n ctio n  d ep en d in g  o n ly  on  en ergy  a n d  se c ­
tor num ber. T h e  p aram eters o f  th e  la tte r  fu n ctio n s  were saved  in a file d e stin e d  to  th e  
C L A S .P A R M S  d irecto ry  or th e  d a ta b a se .
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(a) Range of the calorimeter coordinates u. i  . w Dimensions on abscissa .ire in 
centimeters
(b) Ratio E t c / p  plotted versus earh of the three calorimeter coordinates. All 
p > 0.9 GeY are considered here. For specific subranges please see [102] Dimensions 
on abscissa are in centimeters.
Figure B -l: Forward calorimeter cut
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Figure B-2: Ratio [-'i-i / p  plotted versus each of the three calorim eter coordinates. All p  > (1.0 
GoY are considered here. For specific subranges p|e;ise see '102]. D im ensions on ah x issa are in 
centim eters.
Figure B-3: Magnified view of the edges o f the histogram  in Fig.B. 1(b) with a p  >  3.0 G e \ cut 
applied. One can easily notice the dram atic drop o f the ratio £'/•;< /p  near the edges. P lots for each 
sector can be found in [102]. Dimensions on abscissa are in centim eters.
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Figure B-5: Energy spectra of the electron before (1) and after (2) the forward calorim eter cut as 
given by equation (B .l) .  E ei is in GeV.
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Figure 15-6: Some typical plots of o\H)  dependency. For the rest, pietist1 consult reference illl'Jj
Figure B-7: Tw o dimensional histogram s (counts vs 8-0 ) showing the overall effect of the forward 
calorim eter rut. Black points show what is discarded bv the cut. For more details, please consult 
[ 102].
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Figure U-8: Trape/.oids fitted <m histograms counts vs o  angle. We call the top "flat". Some typical 
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Figure B-9: Second generation fit. Energy bin 10 m eans 1.0 G e \ <  pri <  1.1 GeY. All other plots 
can he found in [102].
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F i l l in '  B - l l ) :  T h ir d  g e n e r a t io n  fits.  F acl i  fit c o rr e s p o n d s  to  o n e  o f  th e  p a r a m e te r s  in e q . iB .d ) .  O n ly  
d a t a  for s e c to r  1 is sh o w n .  For t h e  o th e r s  sec to rs ,  p lease  c o n su lt  [ 10’J]
Figure B - l l :  Overall result of the cut. One can see that an asym m etrical shape resulted in some 
sectors. T he fuzzy edges are due to bin overlap.
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F ig u re  B -12:  T y p ic a l  p in ts  i l lu s tra t in g  th e  resu lt  o f  th e  cut .  I’ lase  nut ice th a t  s o m e  are  a s y m m e t r i c a l .  
For m o re ,  ple iise  co n su lt  [102]
S c o tto fd  Etoctron Enorgy
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Figure B -13: Electron energy spectra at various stages of the procedure: before applying any cut
(1), after the uvw cut (2). after the EC cut on urtr and E / p  (4). final (3). On the hist one. the 
region p  < 0 .9  GeY is ignored. E,i  is in G eY.
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BEAM POLARIZATION AND HELICITY FOR E2A
To d eter m in e  th e  b eam  p o la r iza tio n  am i th e sign  o f  th e  b ea m  h elic ity  o n e  h;is to  take in to  
con sid era tio n  a ch a in  o f  factors: th e  p o larity  d eter m in ed  by th e  M oller rtins. th e  h alf-w ave  
p la te  p o s it io n , th e  h e lic ity  bit en co d in g  an d . in ou r case . th e  d elayed  rep ortin g  sch em e. If 
M oller runs are not a v a ila b le  for a certa in  d a ta  se t. th e n  th e  p o lar iza tion  can  b e inferred  
bv tak in g  inti) accou n t th e  b eam  p o lariza tion  m easu red  at th e  gu n  and th e  sp in  p recession  
th rou gh  th e  acce lera tor .
B eam  p o la r iz a tio n  in H all B is m easured  w ith  a M oller p o larim eter. In th is  d ev ic e , th e  
p o lar iza tion  is d eter m in ed  from  th e  a sy m m etry  o f  th e  c o u n tin g  rates w h en  th e  h e lic ity  o f  
tin* b eam  is reversed . A b ou t ‘20 m in u tes o f  m easu rem ent tim e  or .1 M ev en ts  are n tv d ed  to  
take d a ta  w ith  a s ta t is t ic a l error b elow  l ' f .
T h e M oller d a ta  was a n a ly zed  o n lin e  and th e p o la r iz a tio n  d a ta  were saved  in th e  ru n tim e  
logb ook  :ll)6 . 107] an d  are p resen ted  in figure 3-8 an d  se c tio n  C .2.
For th e  a n a ly s is  o f  th e  2.261 and 1.461 CleV d a ta  se ts  we use tin* average value o f  
63 ±2% . We e s t im a te  that th e  p o lar iza tion  m easured  by th e  M oller p o la r im eter  is a ffected  
by a sy s te m a tic  error o f  a p p ro x im a te ly  3/( co m in g  p rim arily  from u n certa in ties  in th e  
p o la r iza tio n  o f  th e  M oller target.
T h e four d a y s o f  1.162 G eV  !‘ C  d a ta  (runs 18281 to  18335) were not in th e  o r ig in a l  
ru n n in g  p lan  for E 2A  [108] an d  no p o lar iza tion  m ea su rem en t w as con d u cted . T o ev a lu a te  
th e  average b ea m  p o la r iz a tio n  for th is  p eriod , we took  th e  average value o f  th e  p o la r iza tio n  
for th e  rest o f  th e  run p er io d . 63.0% . corrected  it for p recess io n  (sea* su b sectio n  C .3 ) u sin g  th e  
d a ta  from  ta b le  C .7 . a n d  o b ta in ed  a p o lar iza tion  in H all B eq u a l to  |( - 0 .2 8 . )  x 6 3 .0| =  17.6 
(% ). W e co n sid er  th a t su ch  a value d o es not q u a lify  for p o la r ized  b eam  m easu rem en ts.
To su m m a rize , w e u se  Pi,ram =  (63 ±  2 ±  3)% for th e  2 .261  an d  4.161 G eV  '-’C  an d  *He 
d a ta  s e ts  a n d  we u sed  th e  1.161 G eV  carb on  d a ta  o n ly  for c o n s is te n c y  checks.
W e e s ta b lish e d  w ith  a c c e p ta b le  p recision  th e  a b so lu te  va lu e  o f  th e b eam  p o la r iza tio n  in  
th e  hall. B efore w e p ro ceed  to  d eterm in e  th e  a b so lu te  sp in  o r ien ta tio n , let us briefly  rev iew  
th e  b eam  ch a ra c ter istics .
T h e  p o la r ized  e lec tr o n  so u rce  at C E B A F  is an o p tic a lly  p u m p ed  stra in ed  G a A s cr y sta l. 
A 780nm  laser is u sed  to  p roject circu larly  p o larized  light o n to  th e cry sta l. T h e  laser is 
p u lsed  to  th e  acce lera to r  frequ en cy o f  0 .5  G H z an d  th e  b u n ch -len g th  is 50 ps. Left an d  
right circu lar p o la r iz a tio n  o f  th e  laser b eam  are o b ta in e d  w ith  a Pockels ce ll by a p p ly in g  
th e  vo lta g e  c o r re sp o n d in g  to  th e  quarter w ave re ta rd a tio n .
To e lim in a te  p o ss ib le  b ia s , th e  h elic ity  is H ipped at a  30 Hz frequency an d  is p h a se  
locked to  th e  60 Hz A C  cy c le . H elic ity  p u lses are a s so c ia te d  in pairs o f  o p p o s ite  h elic ity . 
T h e  lead in g  p u lse  h e lic ity  is ch osen  by a  24-b it p seu d o -ra n d o m  num ber gen era tor  w h ich  
a lso  sen d s a s ig n a l to  th e  D A Q  to  be recorded  in th e  raw  d a ta  flit1, to  b e sto red  in b its  15 
an d  16 o f  th e  word latch  1 o f  T G B I bank [109].
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T h e  h e lic ity  sign a l is en co d ed  in th e  cook ed  d a ta  files in  various w ays. In n tu p lelO . 
u sed  by th e  E 1C  grou p , it is en cod ed  in to  th e  E V N T C L A S  variab le  (see  d escr ip tio n  in 
su b se c t io n  C .4 ) an d  in th e  a n a ly sis  o f  th e  E2 R o o tD S T -s . it is o b ta in e d  w ith  th e  use o f  
T H e lie ity  c la ss  fu n ctio n s. D u e to  sp ec ia l d em a n d s im p o sed  b v  th e  H A P P E X  [105] p arity  
v io la tio n  ex p er im en t th a t w as ru nning in p ara lle l in H all A . th e  M C'C1 h elic ity  s ig n a l was 
d elayed  by 8 pairs and th erefore the tru e h e lic ity  had to  b e d e ter m in ed  at th e  level o f  d a ta  
a n a ly s is , as d escr ib ed  in su b se c tio n  C .5 .
A n o th er  p recau tion  th a t w as taken w;is to  insert p e r io d ic a lly  in th e  laser b eam  a A /2  
p la te , w h ich  reverses h e lic it ie s  and thu s p rov id es a u sefu l sy s te m a t ic  check. T h e  h a lf w ave 
p la te  p o s it io n  w as saved  in th e  E P IC S  d a ta b a se  an d  is lis te d  in  su b se c t io n  C .6.
T h e  G e tH e lie itv  fu n ction  returns /i =  +  I for bit 1 6 = 1  and  h =  I for bit 1 6 = 0  w hen  th e  h a lf  
w ave p la te  p o s it io n  is O U T  [111] and v ice versa w h en  th e  p la te  is IX . accord in g  to  ta b le  C .3 . 
W h at we have to  e s ta b lish  is if  indeed  th e  rep orted  /t =  +  l co rresp o n d s to  p o sit iv e  b eam  
h elic ity  an d  / i=  1 to  n eg a tiv e  b eam  h elic ity  in th e  hall.
O ur d ifficu lty  com es from  th e  fact th a t we d id  n ot have a  h yd rogen  target for an u n ­
eq u iv o ca l d e ter m in a tio n  o f  th e  sign  o f  th e  h elic ity . T h erefo re , th e  corresp on d en ce  b etw een  
tht1 h e lic ity  sign a l sent by th e accelerator and th e  real h e lic ity  o f  th e  e lec tro n  b eam  in th e  
hall h as to  b e d ed u ced  u sin g  CL AS E1C  and  H all A d a ta .
T h e  E 1C  run p eriod  w;is right before th e  E 2A  d a ta  ta k in g  a n d  th e  E l grou p  p erform ed  
an a b so lu te  m easu rem en t o f  th e  sign  o f  helicity .
For the benchm ark run 16833, taken at 4 .247 G eV  on 0 2 /1 9 /1 9 9 9 , betw een  
19:23 and 21:46 when the the half wave p late was O U T , the values o f E V N T - 
C L A S=1,11  or 21 in ntuplelO  corresponded to  the negative beam  helicity [93].
N ow . fo llow in g  su b se c t io n  CM. E V .\T C L A S =  1.11 or 21 in n tu p le lO  corresp on d s to  
h e lic ity  b it 1 6 = 0  or h =  1 an d  then  n eg a tiv e  b eam  h e lic ity  w ou ld  in d eed  corresp on d  to  h =
1 s in ce  th e  s ta te  w as not altered, by th e  A /2  p la te .
T h is  co n c lu sio n  is va lid  for th e  E2A  d a ta  if  th e  d e la y ed  re p o r tin g  e lec tro n ics  in trod u ced  
for H A P P E X  d id  not a lter  th e  sign . To check th is . H all A d a ta  w as u sed . T ab le CM sh ow s  
th a t  th e  H all A h elic ity  s ig n  rem ains u n ch an ged  from  F eb ru ary  th ro u g h  M ay 1999 an d  th a t  
th e  a b so lu te  sign  d eter m in ed  in H all A is c o n s is te n t w ith  th e  H all B b en ch m ark  (secon d  
row in  ta b le  C . l ) .  g iven  th e  sp in  p recession .
C o n sid e r in g  th e  W ien  a n g les  listed  in ta b le  C .7  a n d  th e  sp in  p recession  as d escr ib ed  in 
su b se c t io n  C .3 . th e  a b o v e  corresp on d en ce a p p lies  to  2 .261  G e V  d a ta  as w ell, but m ust b e  
reversed  for th e  1.161 1JC  d a ta  set. T h ese  fa cts  .are a ll su m m a rize d  in ta b le  C .l .
T o  su m m a rize , we u sed  o n lin e  M oller d a ta  from  th e  e le c tr o n ic  logb ook  to  figure o u t th e  
b ea m  p o la r iz a tio n  a lo n g  th e  2.261 an d  4 .461 G eV  ru n n in g . For th e  overall h e lic ity  sig n , 
sev era l p a th s  o f  in v estig a tio n  were u sed , a ll lea d in g  to  th e  sa m e  resu lt:
(1) If th e  sp in  precession  from  th e  p o larized  gu n  to  th e  h a ll is ca lcu la ted , th e  H all A 
h elic ity  s ig n  co in c id es  w ith  th e  Hall B s ig n
(2) A M o l l e r  m e a s u r e m e n t  w ith  p o sit iv e  H e lm h o ltz  y ie ld e d  n eg a tiv e  p o la r iza tio n  in th e  
h all w h en  th e  A /2  p la te  w as O l ’T  and th e  sign  c a lc u la te d  w ith  (1) was n eg a tiv e
(3) A bs o lu te  m e a s u r e m e n t  co n d u cted  by th e  E lC  g rou p  g iv e s  a n eg a tiv e  s ig n  o f  h e lic ity  
w h ere (1) an d  (2) gave n eg a tiv e  p o lar iza tion  ta k in g  in to  a cc o u n t th at th e  sign  o f  h e lic ity
'Machine Control Center, i.e. accelerator
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Date Wien Linac Hall A Hall B Com m ent
A*n O w n (M eY) Tim e W P passes hel cos Tim e W P passes hel cos Op
1 0 2 / 1 2 20.3 420 1 1 :0 0 IN 2 1 .0 0 EIC
2 0 2 /1 9 28.3 420 19:00 O U T 2 + 1 .0 0 19.23 OUT 3 + 1 .0 0 K..I. [93]
3 0 4 /1 6 8 .1 330 21:00 O U T 3 + 0.98 20:35 OUT 4 + 1.00 E2A
4 0 3 /0 3 7.8 330 21:00 O I T 3 + 0.98 16:07 OUT 2 + 0.99
-) 0 3 /1 6 3.8 330 14:00 IN 3 0.99
f> 0 3 /1 8 3.8 330 21:00 O I T 3 + 0.99 09:19 OUT 1 + 0.28
Table CM: Overall helicity sign com parison table. Absolute sign is defined its the beam helicity sign 
in the hall when bit 16=0. Hall A values were provided by V. C'hudakov [9-1]. Case A "6 had the 
W ien angle optim ized for maximum polarization in Halls A and C'.
m easu red  in H all A is co n sis te n t a lo n g  th e  p er io d  con sid ered  (E IC  to E 2A )
C . l  M o l l e r  P o l a r i m e t r y
M oller p o la r iin e te rs  are w id ely  u sed  for e lec tro n  b eam  p o lar iza tion  n ie;isu re in en ts  in th e  
G eY  en ergy  range. T h e  H all B b ea m lin e  is e q u ip p ed  w ith  on e such  d ev ice .
T h e  M oller p o la r im eter  c o n s is ts  o f  p o la r ized  e lec tro n  target, (a m a g n etized  fo il th a t is
m oved o n to  th e  b ea m  ax is v ia  a s tep p e r ) a se t o f  H elm h o ltz  co ils  to  p o larize  tin* ta r g e t, two
q u ad ru p o le  m a g n e ts  an d  a pair o f  tw o  lead  sc in t illa t in g  fiber d etec to rs. T h e  p o la r im e te r  is 
rem ote co n tro lled  from  th e  c o u n tin g  h ou se.
T h e  b ea m  p o la r iza tio n  is d e ter m in ed  by m easu rin g  th e  a sy m m etry  in th e  n u m b er o f  
co u n ts in a  g iv en  d etec to r  as th e  b ea m  h e lic ity  is flipped:
A T  -  N ~
•4/, = a^ T a“  ( Cl )
If th e  h e lic ity  corre la ted  c o u n ts  AT are n orm alized  to  th e  in tegrated  b eam  cu rr en t, th en  
the b eam  p o la r iz a tio n  in th e  a b sen ce  o f  b ack grou n d  can  b e ca lcu la ted  w ith
r °  -  (C -21
w here
F ( 8 S) =  cos 0 ,  cos 0 j  f 1 +  tan  0 S tan  Or  cos 0 , cos 0 7
and Of .  <Fr an d  0S. 0 , are sp h er ica l a n g les  o f  th e  target sp in , re sp ec tiv e ly  e le c tr o n  sp in  
a b ou t th e  b ea m  a x is . P p  is th e  target foil p o la r iz a tio n  an d  th e  a sy m m etr ie s  .4,, are  d efined
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as fu n ction s o f  th e  cen ter-o f-u ia ss  sc a tter in g  an gle 9
t (7  +  cos* 9)  s in J 9  n  <}(
-  ( . • ) - < « - ■  # > - >  ' (
4 = - 4  = - - sin' S-n r r  — *^i/y —
(4 -+- c o s -  9 ) -
J ;»
p o larim eter so th a t th is  s itu a tio n  occu rs.
At the an g le  9  =  90" th e  a sy m m etr ie s  .-lr j . . 4 vv and .4 ;; are m a x im ize d . O n e can  set the
C . 2  M o l l e r  R u n s  F o r  E 2 A
T h e on lin e  M oller p o la r iza tio n  d a ta  is lis ted  in tab le C .2 . For th e  first five en tries, two  
values ( P  and  P' )  w ere listed  an d  the average w;is taken.
W here m ea su rem en ts w ith  tw o ta rget p o lar iza tion s w ere d o n e , th e y  w ere com b ined  
b efore b ein g  t 1 “  >d in figure .'1-8. T h e  ±  p o lar iza tion  runs are taken  so  th a t on e can  
correct for any b ea m  charge tisym nietry:
Pt< = - -  y r -
w here /V  is th e  m easu red  b eam  p o la r iza tio n  w ith  n eg a tiv e  target p o la r iz a tio n  an d  P .
corresp on d s to  a p o s it iv e  target run. T h is  works b eca u se  .4m,„„,ir,,/ ~  - 4 r +  -4^„m .
w here .4 s ta n d s  for a sy m m e tr y  [9a].
W hen  th e  A /2  p la te  is O U T  and th e  M oller target p o la r iz a tio n  is p o s it iv e , th e  b eam  
p o lar iza tion  in th e  h all w as m easu red  to  b e n egative. T h is  co r re sp o n d en ce  is co n sisten t  
a lon g  th e  2.261 an d  4.461 G eV  ru n s, ex c e p t  for th e  cases m arked w ith  .asterisk w here m ost 
p rob ab ly  th e  m in u s s ig n  w as m ista k en ly  o m itte d  by th e  p erso n  w h o  logged  th e  entry.
C . 3  S p i n  P r e c e s s i o n
F ollow ing reference [96], th e  sp in  p recessio n  from  th e in jecto r  to  H all B g iv e s  th e  to ta l angle:
9^  =  P  [2n zB -  rtfl( 1 -  2 « )  -  « ]  jt +  9\\-
w here a #  is th e  n u m b er o f  rec ircu la tio n  p asses. 9\\  is th e  W ien  la u n ch in g  an g le . P  =
( E i / m e )[(g -  2 ) /2 j .  Ei  is th e en ergy  o f  a  s in g le  linac (in  M eV ). a  =  0 .1 1 2 5  is th e  ra tio  o f  the  
in jector en ergy  to  th e  lin ac en ergy . m e =  0 .51 0 9 9 9 0 6  M e V /e -’ an d  [ ( r ; - 2 ) /2 ]  =  0 .001159652 . 
T h e  sp in  p recession  for H all A is c a lcu la ted  s im ilar ly  w ith  th e  form ula:
04  =  P 71 +  9u
B o th  lin acs are a ssu m e d  to  o p e r a te  at th e  sam e en ergy  an d  th erefore th e  n u m b er o f  p asses  
an d  th e b eam  en erg y  in any p articu lar h a ll are related  bv
r>A.H.c =  ( E . \ , h .c / E i -  o ) / 2
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D ate Run A '1’ Foil Helmholtz | P (V<) P -(7c) SPi'A I t f it -n
P hr (l rn =  4.461 G e\ " ( ‘He and '-’C ) 1 7.9
A /2 plate is O CT
! -i
1)4/ 10 17S92 1 1 ! + -59.5 | 60.9 i.7  ;
17893 r 4- j -60.8 1 63.4 !■- J
i 17894 r - | 62.0 ! 65.7
17895 I 1I ! 60.2 i 62.3 1.7 i
17898* i I ] 62.1 I 64.1 1.6
Apf otfiine: (63.40 -<-/- 0 .81)'/
A/2  plate is OCT
’1)4/19 17943* i  04.13 :
17944 ■ i 60.60 ■
17945 Apf otflini >: (64.1 -*-/- 1.2 \ 7 i
E*... (I rn = 2.261 G e\ ( ‘He and !-'C ) 8.0
A/2 plat* is IN i
0 5 /0 2 18110* 1 : 60.0 .10
A/2 plate s OCT j i . i
do/OS 18212* 1 H- 66.5 3.0
18217 1 * : -64.8 0.6
1 18218 I * 64.2 0.8 j
().')/10 18253 1 -67.0 1.0 |
18254 1 67.7 l.o  i !
E*.,. ,ini = 1.161 G e\ ( 'He and ‘-’C ) 3.8
A/2 plate is OCT 1 1
No Mollei Done
E/)r rl rn = 2.261 G e\ (JHe and '-’C ) 6.0
A/2 plate is OCT
0 5 /1 9 18357 1 + -64.40
18358 r - 66.84
18359 r - 66.99
18360 r - 65,83
A/2 plat* is IN-
0 5 /2 2 18396 r - 64.08 1.06
18397 r + -64.20 0.69
A/2 plate is OCT
0 5 /2 3 18423 1 + -66
18424 1 - 62
■Vftf' I T T l = 4.461 GeV ( ‘He and l -C ) 4.0
0 5 /2 7 18478* 1 + 61.7
18479 1 - 61.6
Table C.2: Moller runs for the E2A run period from [106]. The target polarization is given bv the 
Helm holtz coil polarity. The Wien angle data from the accelerator logbook (table C.5) were added 
here on the bust colum n.
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C . 4  N't u p l e  1 0  H e l i c i t y  E n c o d i n g
H elic ity  in fo rm a tio n  com es in T G B I hank  in th e first w ord T a tc lil" . B it 15 o f  th e  w ord is 
a h elic ity  clock  a n d  h it 16 is th e  h e lic ity  s ta te . F irst h its  con ta in  in form ation  on  L I tr igger  
h its . H ere it is w h at it was in th e  N -tu p le  d u r in g  E 2A  an d  E IC :
E Y N T C L A S  =  ( H t  l i n t i / l n  f o r m a t  inn +  1) ■+• 10 x ( T r i t j t j r r B i t  -  1)
N o te  that E 2A  ran w ith  5 trigger h its , hut rea lly  o n ly  2 w h ere u sefu l an d  that th is  e n c o d in g  
sch em e has h een  ch an ged  la te ly  [92].
H e lic ity ln fo rm a tio n  =  T G B I F ir s tW o r d /10000. T h is  w ill h e  >  3 if hit 16 is se t to  1 an d  
w ill he <  1 if  hit 1 6 = 0 . s in ce  2* * =  1638-1. 2 * ’= 3 2 7 6 8  an d  2 * 1V2* ’ = 1 9 1 5 2 . S o  H e lic ity ln -  
form ation  can  he =  0.1 if  hit 1 6 = 0 . and  3.1 if h i t ! 6 = l .  To su m m a r i/e . w hat w e h ave for 
E Y N T C L A S  is th e  follow ing:
- ( 1 .2 ) . ( 11 .1 2 ).(2 1 .2 2 ) corresp on d  to  1)16=0
- (4 .5).(1-1 .15).(2-1 .25) corresp on d  to  1)16 =  1
C.5 D e c o d i n g  o f  t h e  D e l a y e d  H e l i c i t y  S i g n a l
A s m en tion ed  earlier, th e  rep orted  h elic ity  in fo rm a tio n  d uring  ou r D inning p e r io d  w as  
d elayed  by 8 c y c le s  d u e to  th e  strin gen t req u irem en ts o f  th e  H A P P E X  p arity  v io la t io n  
ex p er im en t. To re trieve th e  h elic ity  s ta te  o f  a p a rticu la r  even t, on e w ould  thus n eed  to  look  
at an event th a t is 8 * 1 /3 0  =  0 .26  seco n d s later, or a p p r o x im a te ly  800  even ts. H ow ever, 
th is  b ecom es m ore co m p lic a te d  w hen  then* are g a p s  in th e  d a ta  (d u e  to  b eam  tr ip s  e tc .)  
th a t m ay m ean  th a t  th ere is no in form ation  ava ilab le  for th o se  ev en ts .
A n  a lter n a tiv e  m eth o d  th a t was used  in th is  d a ta  a n a ly s is  is to  predict th e  s ta te  o f  
th e  p seu d o-ran d om  gen erator, an d  th en  use th is  p red ic ted  value. S in c e  we know  th e  ex a c t  
c o n stru ctio n  o f  th e  p seu d o-ran d om  gen erator, we can  s im u la te  its  b eh av ior in so ftw a r e , an d  
th u s pred ict its  s ta te  p erfectly  accu ra te ly  at any tim e , g iv en  th e  s ta te  it is in at s o m e  o th e r  
tim e .
T h e  p seu d o -ra n d o m  g en era to r  is b u ilt from  a  sh ift  reg ister a n d  a N O T -X O R  m o d u le . 
T h e  b its  o f  th e  sh ift  reg ister at num bers 23. 22. 21 an d  16 are fed into th e  N O T -X O R .  
an d  th e  resu lt o f  th e  N O T -X O R  is th e  new  bit th a t is sh ifted  in to  th e  sh ift re g is te r  a t th e
2TP 2Tn 2T.,
Figure C -l: T im e .structure of the polarized beam delivered hy the accelerator. For E 2A . 2T<) =  
1 /30  s. The shaded region shows a sign reversal produced bv the random assignment function, (from  
Anghinolli rt  ul. [83]).
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n ex t c lo ck  cyc le . T h is  new  bit is th en  e ith er  u sed  d ir e c t ly  o f  used in verted , d ep en d in g  on  
th e  "L A T C H  1“ s ig n a l, to  set th e  vo lta g e  on  th e  P ock els ce ll and Hip th e  h e lic ity  o f  th e  
b ea m . T h e  resu ltin g  tra in  o f  b its  is thu s co m p o se d  o f  h e lic ity  pairs: (0 . 1) or (1 .0 )  in a 
p seu d o -ra n d o m  seq u en ce .
T o  p red ic t th is  seq u en ce  we w e d  to  find th e  s t a te  o f  th e  sh ift reg ister  a t th e  start o f  
each  run . T h is  is d on e by look in g  at 24 c o n se c u tiv e  clock  cy c le s  o f  th e  sh ift-reg ister . and  
reco rd in g  th e  in p u t, i.e. th e  h e lic ity  b it. T h is  set th e n  form s th e  in pu t to  the' ca lcu la tio n  
th a t ca n  p red ict th e  s ta te  o f  th e  sh ift-re g ister  - an d  th u s th e  h elic ity  b it - at an y  tim e in 
th e  p a st  or fu ture, by k now in g how  m any clock  c y c le s  have p;ussed.
T h e  c o d e  that dot's th is  s im u la tio n  w as w r itte n  in  su ch  a way that it is se lf-ch eck in g . It 
s ta r ts  w ith  th e  s ta tu s  o f  th e  sh ift reg ister  at th e  b e g in n in g  o f  th e  run. It th e n  w in d s forward  
to  tht' s ta te  that th e  sh ift register sh o u ld  be in . if  th e re  w;is no d elay  in th e  rep ortin g . T h en  
c o m p a re s  th e  p red icted  bit w ith  th e  bit rep o rted  in th e  d a ta , verify in g  th a t th e  p red iction  
is co rrect. For d elayed  rep ortin g , th is  th en  verified  th a t th e  result o b ta in ed  8 c lock  cycles  
ago  (a p p ro x im a te ly  800  ev en ts) w as in d eed  correct. T o c a lc u la te  then  w h at th e  b it actu a lly  
is for th is  event we ju st  w ind  th e  reg ister forw ard 8 m ore clock  cycles.
C . 6  H a l f - w a v e  P l a t e  P o s i t i o n
T h e  A /2  p la te  p o sit io n s  for the K2A run p erio d  ;is rep orted  in the e lec tr o n ic  logb ook s o f  
a cc e ler a to r  an d  H all B is listed  in ta b le  ( ’..'I. The E 2A  d a ta  a cq u is itio n  s ta r te d  on A pril 
IG ^. at 17:09 and th e  last E2A  run en d ed  on  M ay 2 7 th at 21:54. Table ta b le  C. l sh ow s th e  
A /2  p la te  p o sit io n  in th e  p eriod  p rev iou s to  E 2A .
C . 7  W i e n  A n g l e  T a b l e
W ien  a n g le  va lu es ex tr a c ted  from  th e  M C C  e le c tr o n ic  logb ook  are lis ted  in ta b le  C .5 . T h e  
sp in  p recessio n  is d escr ib ed  in su b se c tio n  C’ .'l.
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D a t e  a n d  T im e ! S t a t e  j
Table C.
I 11 A pr 1999
1 16 A pr 1999 1
Hi A pr 1999
17 A pr 1999 9:5 1
19 A pr 1999 t 0
21 A pr 1999 1
23 A pr 1999 :2 0
29 A pr 1999 1
1 29 A pr 1999 1 0
29 A pr 1999 1
3 M ay 1999 :55 < I
a M ay 1999 1
7 M ay 1999 0
11 M ay 1999 1
17 M ay 1999 :2 :25 0
18 M ay 1999 1
18 M ay 1999 0
20 M ay 1999 1
22 M ay 1999 0
25 M ay 1999 :2 1
10 Ju n  1999 0
3: Half-wave plate posit inn during the E2A run period: I n ans IX. 0 is O U T . From [92. 93).
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D a te  an d  T im e S ta te
5 Jan 1999 T u e 16:44:57 0
6 Jan 1999 W ed 15:14:42 I
11 Jan 1999 M on 10:30:50 0
14 Jan 1999 T h u  11:45:28 I
14 Jan 1999 T h u  13:30:21 "
23 Jan 1999 Sat 11:00:13
23 Jan 1999 M on 11:00:20 0
28 Jan 1999 T h u  13:45:11 I
30 Jan 1999 Sat 10:00:10 0
6 Feb 1999 Sat 12:00:11 1
7 Feb 1999 S u n  12:45:10 1)
10 Feb 1999 W ed 10:30:13
12 Feb 1999 Fri 18:00:10 0
15 Feb 1999 M on 17:11:40 1
16 Feb 1999 T u e 09:30:15  0
16 Feb 1999 T ue 11:30:21
16 Feb 1999 T u e 18:30:10 0
19 Feb 1999 Fri 23:15:10 1
21 Feb 1999 S u n  16:45:12 I)
24 Feb 1999 W ed 13:30:12 1
27 Feb 1999 S at 00:30:12 0
23 M ar 1999 T u e 16:00:27 1
23 M ar 1999 T u e 17:00:24 0
24 M ar 1999 W ed 13:00:23 1
24 M ar 1999 W ed 13:10:30
28 M ar 1999 S u n  17:40:18 1
28 M ar 1999 S u n  23:00:11
29 M ar 1999 M on 03:50:11 1
29 M ar 1999 M on 13:20:19 0
29 M ar 1999 M on 15:50:11 1
30 M ar 1999 T ue 09:40:12 0
10 A pr 1999 Sat 19:20:17 1
Table C’.4: Half-wave plate position for February-April 1999: 1 m eans IN. (J is O U T. From [92. 93].
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D a te W ien  angle' 0\\  (") C o m m en ts
0 2 /1 7 28.1 E IC
0 2 /1 8 50 .0
0 5 /2 5 57.1
0 5 /2 9 -2 .5
0 4 /0 1 8.0
0 4 /1 4 7.9 E 2A
0 4 /2 6 8 .0
0-1/28 7.6
0 5 /1 5 6 .0
0 5 /1 8 5.8 ‘-C  .1 .1 6 1  G eV
0 5 /2 7 4.0
Table C.5: Wien angles from MC'C electronic logbook.
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Appendix D
MISCELLANEOUS
D . l  X U C L E O N - N U C L E O N  S C A T T E R I N G  P A R A M E T E R S
Nuoleon-nueltHtn sc a tte r in g  p aram eters ^ " y - 'V '  an<  ^ ' p v ’- 1 0 )  ;in ‘ sin>wn in figures
D -l and D -2.
100 . . . . . . .
■ ex p p n  
ex p p p  









a i  r
2
p' (GeV/c)
Figure D -l: Nucleon-nucleon scattering data: cross sections. Abscissa p' is the proton momen­
tum. From [23].
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-  interpolated pp
5




( l » )
Figure D-2: Xucleon-nucleon scattering >lata: (a) the slope param eters J p \  and (1>) the ratio of the 
real to imaginary scattering am plitude rp y. A b sc issa // is the proton m om entum . From [23].
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D . 3  S h e l l  S c r i p t  f o r  TOF C a l i b r a t i o n
# ! / u s r / b i n / t c s h  - f  
#
# ru n s e x e c u t a b l e s  f o r  gmean and a t t e n u a t i o n  l e n g t h  c a l i b r a t i o n
# ® p r o t o p o p  0 8 / 0 4 / 1 9 9 9  
«
# T h is  s c r i p t  f o l l o w s  e x a c t l y  th e  p r o c e d u r e  f o r  th e  c a l i b r a t i o n  o f
# g e o m e t r i c a l  mean and a t t e n u a t i o n  l e n g t h ,  but i t  s p a r e s  you t h e  e f f o r t  o f
# w r i t i n g  t h e  c o n f i g u r a t i o n  f i l e s ,  r e f o r m a t t i n g  th e  o u t p u t s  f o r  t h e  n e x t
# s t e p ,  c r e a t i n g  l i n k s  e t c . ,  where e r r o r s  are  v ery  l i k e l y  t o  o c c u r ,  t o f s
# u s e s  t h e  e x e c u t a b l e s  gm ean_cooked , h sca n _ m ea n s ,  min_m eans_m ain,
# t o f _ c a l i b ,  h s c a n _ a t t e n ,  m i n _ a t t e n ,  a d c _ c o n s t .  The s c r i p t  c h e c k s  t h e
# i n t e r m e d i a t e  f i l e s  and , i f  n e e d e d ,  prom pts t h e  u s e r  t o  make t h e
# a p p r o p r i a t e  c o r r e c t i o n s .  At th e  e n d ,  t o f s  p u t s  th e  c o n s t a n t s  i n  a
# s ta n d a r d  f i l e  form at and e - m a i l s  a r e p o r t  t o  th e  u s e r .  The e x e c u t i o n
# t a k e s  1 t o  2 hours
i f  ( $ # a r g v  == 0 )  th en  
ech o  "U sage: t o f s  run_number"  
ech o  " e . g .  t o f s  12345 " 
e x i t  
e n d i f
# INPUT FILES:
# n e e d e d :  c la s _ 0 x x x x x .A 0 0  f o r  t o f . c a l i b
# d s t 0 x x x x x .A x x .B 0 x  f o r  gm ean_cooked
«
# you c a n  chan ge  t h i s  t o  f u l l  p a th  o f  in p u t  f i l e s :
# e . g .  s e t  d e s t i n a t i o n  = ‘ e c h o  $ 2 ‘ and d e l e t e  t h e  f o l l o w i n g  i f - s
ech o  " "
s e t  d e s t i n a t i o n  = " / w o r k / c l a s / d i s k l / p r o t o p o p / w o r k / "  
ech o  W i l l  r e a d  from S d e s t i n a t i o n .
I s  $ d e s t i n a t i o n / c o o k e d  I g r e p  $1.AOO 
I s  $ d e s t i n a t i o n / d a t a  I g r e p  $1 .A 00
# DEFINITIONS:
s e t  c o o k e d _ f i l e  = ‘ I s  $ d e s t i n a t i o n / c o o k e d  I grep  d s t  I g r e p  $ 1 . A 0 0 ‘ 
s e t  r a w _ f i l e  = ‘ I s  S d e s t i n a t i o n / d a t a  I g r e p  c l a s _ 0  I g r e p  $ 1 . A 0 0 ‘ 
s e t  a r c h  = ’ / c a l i b r a t i o n / p 2 p _ d e l a y _ e l / a r c h i v e
# a l l  EXECUTABLES s h o u ld  be  i n  t h e  c u r r e n t  d i r e c t o r y .
# n e e d e d :  gm ean_cooked





m in_m eans_m ain
t o f _ c a l i b
h s c a n _ a t t e n
m in _ a t t e n
a d c _ c o n s t
ec h o
# GMEAN.COOKED:
e c h o  D oing  c a l i b r a t i o n  on g e o m e t r ic  mean o f  MIP peak  p o s i t i o n :  
ec h o  R ea d in g  $ c o o k e d _ f i l e  . . .
gm ean_cooked -n 5 0 0 0 0 0  -o g m e a n $ l .h b o o k  $ d e s t i n a t i o n / c o o k e d / $ c o o k e d _ f i l e  
rm h s c a n _ in p u t  h s c a n _ d a t a  m in _ in p u t  min_parm min.kumac m in _ou tp u t
# HSCAN.MEANS: 
rm h s c a n _ in p u t  
rm h s c a n _ d a ta
In  - s  g m e a n S l .h b o o k  h s c a n _ in p u t  
In  - s  g m e a n $ l .d a t  h s c a n _ d a t a  
I s  - l g F  h s c a n _ in p u t  




rm min_ in p u t  
rm min_parm  
rm min.kumac
In  - s  g m e a n S l .d a t  m in _ in p u t  
In  - s  gm ean $ l.p arm  min_parm  
In  - s  m in_m eans$ l.kum ac min_kumac 
In  - s  g m e a n $ l .o u t  m in _ o u tp u t
# show
I s  - l g F  m in _ in p u t  
I s  - l g F  min_kumac 
I s  - l g F  min_parm  
I s  - l g F  m in _ o u tp u t  
m in_means_main
# CLEANING:
rm h s c a n _ in p u t
+
# MIN_MEANS_MAIN:
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rm h s c a n _ d a ta  
rm m in _ in p u t  
rm min.parm  
rm min_kumac 
rm m in _ou tp u t
e c h o  "GMEAN ->  DONE"
e c h o ---------------------------------------------------------------------------------------------------------------
e c h o  S t a r t i n g  a t t e n u a t i o n  l e n g t h  c a l i b r a t i o n :  
e c h o  R eading $ r a w _ f i l e  . . .  
s e t  n = 0
# LOOP OVER SECTORS 
w h i l e  ($n < 6)
® n++
e c h o -------------------------------------------------------------------------------------------------------------
b an n er  $n
t o f _ c a l i b  -n 5 0 0 0 0 0  - s $ n  - o $ l s $ n .h b o o k  -A $ d e s t i n a t i o n / d a t a / $ r a w _ f i l e
















F i l e s  u sed :
H isto g ra m  in p u t  f i l e :
ASCII o u tp u t  f i l e :
ASCII d a ta  f i l e  
F i t t e d  p a r a m e te r s  
M in u it  L i s t  Output  
Kumac F i l e  t o  v iew  r e s u l t s
h s c a n . i n p u t
h s c a n _ d a ta
m in . in p u t
min.parm
m in _ou tp u t
min kumac
o u tp u t  o f  h sc a n
u s e d  t o  u p d a te  map f i l e
PAW w ith  f i l e  = h s c a n _ in p u t  
d e l e t e s ,  t h e n  d e f i n e s  new in p u t  and o u tp u t  l i n k s
rm h s c a n _ in p u t  h s c a n . d a t a  m in _ in p u t  min_parm min_kumac 
I n  - s  $ l s $ n .h b o o k  h s c a n _ in p u t  
I n  - s  $ l s $ n \ _ a t t e n . d a t  h s c a n _ d a ta  
I n  - s  $ l s $ n \ _ a t t e n . d a t  m in _ in p u t  
I n  - s  $ l s $ n \ _ a t t e n . p a r m  min_parm  
I n  - s  $ l s $ n \ _ a t t e n .k u m a c  min_kumac  
# show  
I s  - l g F  h s c a n _ in p u t  
I s  - l g F  h s c a n _ d a ta  
I s  - l g F  m in _ in p u t  
I s  - l g F  min_kumac  
I s  - l g F  min_parm
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e c h o  Nov s c a n n in g  . . .  
h s c a n _ a t t e n
#
# MINIMIZATION: 
m i n . a t t e n




rm h s c a n _ in p u t  
rm h s c a n _ d a ta  
rm m in _ in p u t  
rm min_parm  
rm min_kumac
e c h o -----------------------------------------------------------------------------------------------------
e c h o  C h eck in g  gm ean $l.p arm  . . .
s e t  egm = ‘ c a t  gm ean $ l.p arm  I g r e p  \ *  I c u t  -d"*" - f l  I c u t  - d .  - f 2 ‘ 
i f  ($egm > 0) th e n  
e ch o  P l e a s e  c o r r e c t  e r r o r  in  gm ean$l.parm :  
c a t  gm ean$l.parm  I g r e p  \ *  
x term  - e  p i c o  g m e a n $ l . parm 
e l s e
e c h o  F i l e  gm eanSl.parm  i s  OK. 
e n d i f
s e t  m = 0
e c h o  D oing  a ch eck  on t h e  a t t e n .p a r m  f i l e s  . .
# l s  - a l  I g r e p  _ a t t e n .p a r m  
w h i l e  ($m < 6)
(0 m++
s e t  l i n e s  = ‘vc  - 1  $ l s $ m \_ a t t e n .p a r m  I c u t  -d " l"  —f 1 * 
i f  ( S l i n e s  < 48)  t h e n
ec h o  "Error in"  $ l s $ m \_ a t t e n .p a r m .  P l e a s e  c o r r e c t  i t :  
xterm  - e  p i c o  $ l s $ m \_ a t t e n .p a r m  
e l s e
e c h o  $ l s $ m \ _ a t t e n .p a r m  i s  OK 
e n d i f  
end
e c h o ------------------------------------------------------------------------------------------------
e c h o  C o n c a t e n a t in g  t h e  parm f i l e s  i n t o  a t t e n $ l . p a r m  . . .  
c a t  $ l s l _ a t t e n . p a r m  >! a t t e n $ l .p a r m  
s e t  m = 1
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w h i l e  ($m < 6)
0 m++
c a t  $ l s $ m \_ a t t e n .p a r m  >> a t t e n l l . p a r m  
end
# show
I s  - a l  I g r e p  a t t e n l l . p a r m  
e c h o  "ATTEN ->  DONE"
e c h o -------------------------------------------------------------------------------------------------------------
e c h o  Now p r o d u c in g  t h e  f i l e  f o r  map . . .
# ADC.CONST:
cp  g m e a n $ l . parm gmean.parm  
cp  a t t e n l l . p a r m  a t t e n .p a r m  
s l e e p  3 
a d c _ c o n s t
cp adc.4m ap adc$1 .4m ap  
I s  - a l  I g r e p  adc$1 .4m ap
# t h i s  f i l e  has  s e v e n  colum ns; u s e  awk t o  put c o n s t a n t s  in  th e
# CLEANING:
rm gmean.parm a t t e n .p a r m  adc.4map
e c h o  S a v in g  t o  a r c h i v e  . . .  
cp  adc$1 .4m ap $ a r c h /  
cp  a t t e n l l . p a r m  $ a r c h / t e m p /  
cp  g m e a n l l . parm S a r c h / t e m p /  
cd  l a r c h
chmod a-w * . 4map
I s  - a l  I g r e p  a d c |1 .4 m a p
cd tem p/
I s  - a l  I g r e p  1 1 . parm 
e c h o  "ADC.CONST ->  DONE"
e c h o ----------------------------------------------------------------------------------------------------
e c h o  "Now s e n d in g  m a i l  t o  u s e r  . . . "  
e c h o  " " >! l e t t e r
e c h o  "New s e t s  o f  c o n s t a n t s  f o r  t h e  map a r e  i n : "  »  l e t t e r
e c h o  " " >> l e t t e r
e c h o  l a r c h / a d c l l . 4 m a p  >> l e t t e r
e c h o  " " >> l e t t e r
m a i l  lu s e r ® j l a b . o r g  < l e t t e r
rm l e t t e r
e c h o  "DONE"
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